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Abstract 
 
The oxidation of 4-t-butyltoluene in glacial acetic acid by hydrogen peroxide in a process 
catalysed by cobalt(II) acetate tetrahydrate and sodium bromide has been studied with the 
aim of increasing the selectivity towards 4-t-butylbenzaldehyde. 
 
The reaction mixtures were analysed by HPLC.  Product identification was via the use of  
authentic compounds and retention times. 
 
The oxidation of 4-t-butyltoluene using hydrogen peroxide yielded five measurable 
products, 4-t-butylbenzaldehyde, 4-t-butylbenzoic acid, 4-t-butylphenol, 4-t-butylbenzyl 
bromide, and 4-t-butylbenzyl alcohol.  The major product was 4-t-butylbenzaldehyde.  
The selectivity with respect to 4-t-butylbenzaldehyde depended upon the temperature, 
addition time of oxidant, oxidant type and concentration, and the cobalt(II) acetate 
tetrahydrate and sodium bromide concentrations. 
 
The effect of the temperature at which the reaction was operated was studied.  It was 
found that the oxidation of 4-t-butyltoluene should be carried out at lower temperatures 
due to the instability of the hydrogen peroxide at the higher temperatures.  The 
temperature 45 °C was chosen as an optimum temperature for a good yield of 4-t-
butylbenzaldehyde. 
 
Hydrogen peroxide, cobalt(II) acetate tetrahydrate, sodium bromide concentrations were 
examined for  yields and selectivity towards 4-t-butylbenzaldehyde. 
 III
When hydrogen peroxide is added over 30 minutes the reaction is complted within the 
first 15 minutes.  Similarly if hydrogen peroxide is added over 60 minutes, the reaction 
proceeds rapidly during the first 30 minutes.  Over-oxidation to 4-t-butylbenzoic acid 
does not occur.  It was also found that the rapid reaction was inhibited after an initial 
stage.  There was no clear evidence that any of the products except 4-t-
butylbenzaldehyde, which is the major product,  or more than 1 mmol of 4-t-butyphenol 
inhibit further oxidation.   Adding 100 mmol of water to the reaction mixture the 
formation of 4-t-butylbenzaldehyde decreased.  An engineering solution to remove the 
product continuously seems required for process optimisation.  
 
Using TEMPO as free radical trap and manganese(II) acetate, the system was completely 
unreactive and no products were observed. 
 
It is concluded that although many oxidants can be used in oxidation of 4-t-butyltoluene, 
hydrogen peroxide is considered to be a good oxidant towards 4-t-butylbenzaldehyde 
which is an important flavour and fragrance intermediate for manufacture of the 
perfumery compound called Lilial ( Lily of the Valley ).   
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CHAPTER 1.    Introduction 
 
1.1    Oxidation with hydrogen peroxide:   An overview  
 
Hydrogen peroxide is increasingly becoming a preferred oxidant used in industry; 
consequently, the production of hydrogen peroxide is expected to increase in the next 
few years.  Amongst all the other industrially used oxidants except  oxygen, hydrogen 
peroxide is unique in that its only byproduct is water.  Therefore hydrogen peroxide is 
an attractive alternative as chemical companies are facing strict guidelines on 
environmental pollution.  Hydrogen peroxide has a number of other advantages over 
other common low cost oxidants such as sodium perborate,  potassium 
hydroperoxysulfate, and many organic peroxy acids, which are prepared from 
hydrogen peroxide itself.  Table 1.1 lists the active oxygen content of some common 
oxidants along with the reduced product (Strukul, 1992). 
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Donor  Active oxygen % Product 
H2O2 47.0a H2O 
O3 33.3 O2 
t−BuOOH 17.8 t−BuOH 
NaClO 21.6 NaCl 
NaBrO 13.4 NaBr 
HNO3 25.4 NOx 
KHSO5 10.5 KHSO4 
NaIO4 7.2b NaIO3 
PhIO 7.3 PhI 
 
Table 1.1 :  Single oxygen atom donors. 
                   a :  Calculated on 100%  H2O2.  
                   b :  Assuming only one oxygen atom is utilised. 
 
It is clear from this table that hydrogen peroxide has the highest percent of active 
oxygen and the most environmentally benign oxidation product.  Another advantage 
evident from Table 1 is an economic consideration.  The higher the active oxygen 
contents the lower the amount of effluent generated.  The high reactivity of hydrogen 
peroxide coupled with its minimal environmental impact make it an excellent 
candidate for improving the environmental acceptability of a wide range of industrial 
chemical processes.  In addition hydrogen peroxide and its derivatives have number 
of other advantages: 
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1. Purity : Hydrogen peroxide is a high purity reagent, which is prepared in efficient 
high volume processes throughout the world. 
2. Transformation : When handled correctly, hydrogen peroxide is a very stable 
compound over a range of conditions, typically losing less than 1% by weight of 
its active oxygen content per year. 
3. Versatility:  Hydrogen peroxide can be used in both aqueous and organic media, 
under generally mild conditions and often using low excess of the reagent. 
 
Hydrogen peroxide is a powerful oxidant, as demonstrated by the E° value of 1.76 V 
measured for the half−reaction 
  
H2O2   +   2H+   +   2e−   →   2H2O                                           (1) 
 
Yet it reacts slowly with some substrates such as olefines and aromatic hydrocarbons.  
In order to take advantage of its power, it may be necessary to “ activate “ the 
peroxide functionality.  Activation means improving its reactivity towards a substrate 
through the formation of an intermediate peroxide, whose rate constant with the given 
substrate is larger than that of hydrogen peroxide itself. 
 
The activation of hydrogen peroxide by transition metal ions (M) has been much 
studied (Sheldon, 1981).  However,  activation can also occur by interaction of 
hydrogen peroxide with an organic compound. 
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The quest for effective catalytic systems that use clean, inexpensive primary oxidants, 
such as molecular oxygen or hydrogen peroxide, i.e. a ‘green method’ for converting 
alcohols to carbonyl compounds on an industrial scale, remains an important 
challenge. 
 
 
1.2    Oxidation of side chains of aromatic compounds: 
 
The alkyl side groups of aromatic rings can under go oxidation by several 
mechanisms. The most common mechanism is direct attack by the oxidant on the 
benzylic carbon (the carbon atom adjacent to the aromatic ring).  This is the most 
common mechanism of oxidation as the resulting intermediate is stabilised by the 
resonance structure of the ring.  This resonance stabilisation does not arise when 
another atom in the alkyl side chain is attacked by the oxidant.  It is therefor rare that 
other carbon atoms in the alkyl side chain are the initial sites of oxidation. 
 
There are three main advantages in employing peroxygen as the oxidant.  Firstly, the 
system can run at mild temperatures, typically between 45−80 °C , and at atmospheric 
pressures.  Secondly, general purpose plant equipment can be employed.  Finally, the 
product selectivity can be better controlled towards aldehyde (Dear, 1993). 
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1.3    Effect of additives : 
 
Aromatic side chains may be oxidised by peroxygen species either directly to the 
desired compounds or via halogenation. 
 
Bromide as hydrogen bromide, sodium bromide, or organic bromides has a 
pronounced synergistic effect on the cobalt catalysed oxidations of alkylaromatic 
hydrocarbons (Ravens, 1959; Hay, 1965; Hronec, 1979; Kamiya, 1966, 1968, and 
1974;  Shcherbina, 1978; Gilmor, 1970). 
 
Thus, p-xylene is readily oxidised to terephthalic acid in excellent yields, at 
atmospheric pressure and at temperatures as low as 60 °C, with a catalyst consisting 
of a mixture of cobalt acetate and sodium bromide (Okada, 1979).  Generally, none of 
the other halogens approaches bromide in its activity.  The active catalyst is 
considered to be acetatobromocobalt (II), formed in the equilibrium  
 
Co(OAc)2 + NaBr                          Co(OAc)Br + NaOAc     (2) 
 
A small amount of tert−butylhydroperoxide is usually required to initiate the reaction, 
in which cobalt(II) is oxidised to cobalt(III).  This is followed by the reactions shown 
in Scheme 1  in which bromide atoms act as chain transfer agents (Okada, 1979). 
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Scheme 1 : 
AcOCoIIIBr             AcOCoII   +   Bri                                                         (3) 
Bri  +   ArCH3                 HBr   +   ArCH2i                            (4)  
ArCH2i +   O2                ArCH2O2i                                         (5) 
ArCH2O2i +  AcOCoII                 ArCHO  +   AcOCoIIIOH    (6) 
AcOCoIIIOH   +   HBr               AcOCoIIIBr   +   H2O              (7) 
 
In the presence of bromide, there is apparently no direct reaction of Co(III) with the 
substrate.  A similar mechanism can be written for oxidations carried out with a 
mixture of Mn(OAc)2 and NaBr (Partenheimer, 1995). 
 
1.4    The effect of halides on the cobalt/ bromide catalyst : 
 
Co/F , Co/Cl and Co/I autoxidation catalysts are much less active than Co/ Br 
catalysts. While metal/bromide and metal/bromide/chloride catalysts are both active  
in benzylic oxidation, metal/chloride catalysts are not.  For example, in the oxidation 
of 4-t-butyltoluene to 4-t-butylbenzoic acid, reported yields are 87% (Burney,  1959 ), 
87% (O’Neilly, 1960), and 96% (Amoco Research and Development Laboratories). 
Only the conversion and yield are reported for proprietary reasons.  In most cases, 
these reactions were not optimised, a reasonable characterisation of the products was 
performed for Co/Mn/Br catalysts but only a 7.7% yield is obtained with a Co/Cl 
catalyst (Holtz, 1972).  These observations can be rationalised by assuming a simple 
mechanism of inhibition: 
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Co(III)   +   X-               Co(II)   +   Xi                               (8)       
Xi   +   ArCH3            ArCH2i   +   HX                             (9) 
 
The spontaneity of the first reaction increases in this order:  I>Br>Cl>F , while that of 
the second reaction is opposite, F>Cl>Br>I. 
 
This order is only approximate since it is based on redox potentials in water and the 
solvation energies of Xi , ArCH3, and ArCH2i are not considered.  The most 
thermodynamically neutral situation occurs for Br−.  Bromide has the ability to do 
both reactions.  Perhaps more pertinent however is the rate of these reactions.  The 
first reaction is not observed to occur for fluoride, it is quiet slow for chloride, and it 
is much faster for bromide, with iodide being the fastest. Iodide does not function well 
because of its inability to participate in the second reaction. 
 
Co/Br/Cl catalysts behave similarly to metal bromide catalysts because the reaction of 
bromide with Co(III) is much faster than the reaction with chloride, hence the 
mechanism remains essentially the same as a metal/bromide catalyst. 
Partenheimer (1995) has observed that a displacement reaction occurs upon addition 
of sodium chloride to a metal/ bromide catalyst : 
 
ArX−CH2Br   +   NaCl           ArX−CH2Cl   +   NaBr        (10) 
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The enhanced activity induced by addition of NaCl can be explained by the bromide 
being inactive as a benzylic bromide,  yet becoming ‘active’ as sodium bromide via 
this displacement reaction. 
 
Sources of active bromide are compounds that can easily form the bromide ion in 
acetic acid/water solutions under the conditions employed in the oxidation.  The usual 
bromide sources are either hydrogen bromide or sodium bromide. 
In addition potassium  bromate, elemental bromine, and organic compounds that are 
relatively easily solvolyzed to HBr such as benzyl bromide can be used. 
 
 
1.5    Solvent : 
 
Solvents that contain the carboxylic acid functional group are the most commonly 
solvents used for reactions in which bromide is used in conjunction with metal ions.   
 
Carboxylic acids will be present almost immediately in the solvent for the following 
reasons : 
1− Where acetic anhydride is used as a solvent, it will react with the water generated 
in the reaction to generate acetic acid. 
2− When the initial reagent is itself a carboxylic acid, the reagent provides the 
carboxylic acid group.  An example is the oxidation of p-toluic acid to terephthalic 
acid. 
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3− In solventless reactions, where initially one adds only the liquid reagent and 
catalyst simultaneously, carboxylic acids will be generated at quite low conversions. 
Also, the addition of small amounts of carboxylic acid material is claimed to activate 
solventless oxidation (Partenheimer, 1994). 
 
The solvent of choice, with respect to activity, selectivity, and product isolation, is 
acetic acid.  Comparable catalyst activities are also obtained using longer-chain 
carboxylic acids such as propionic, butyric, or valeric acid, but their rate of 
cooxidation is much higher than acetic acid which make them impractical to use in 
commercial processes (Partenheimer, 1994; Lewis, 1978). 
 
Acetic acid is also the solvent of choice in this work for the following reasons : 
1− Amoco MC catalysts are apparently significantly active only in solvents 
containing a carboxylic acid moiety. 
2− Acetic acid is one of the most inert solvents in an autoxidation environment. The 
longer chain fatty acids, such as propionic acid, are as active as acetic acid, but they 
oxidise much more easily to carbon oxides (CO + CO2) . 
3− The enormous volume of commercially produced aromatic acids requires that the 
solvent be readily available and inexpensive.  The carbonylation and autoxidation 
routes to acetic acid produced 4.6x106 tonnes of acetic acid world wide in 1991. Of 
this, 0.5x106 tonnes,11% by weight, was required as a solvent in terephthalic acid and 
dimethylterephthalic acid manufacture (Weissermel, 1993). 
Acetic acid has a number of other useful properties such as : 
1− A good range between melting point and boiling point (16 and 116° C) allowing 
easy handling at room temperature.   
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2− Many aromatic acids are significantly insoluble at room temperature making 
separation from the catalyst and the solvent easy.  Either acetic acid or acetic acid/ 
water mixtures are normally good recrystalization solvents for the products of 
oxidation.  Significant purification of the product occurs when the desired product 
precipitates. 
 
 
1.6    Industrial processes : 
 
The history of the industrial transition metal-catalysed oxidation of alkyl aromatic 
compounds dates back to the early 1920s with the continuous oxidation of 
ethylbenzene to acetophenone using manganese acetate as catalyst. This process was 
developed by the IG Farben at Uerdingen (Sherwood, 1953). 
 
Many transition metal oxidants such as manganese and chromium oxidants have been 
used in the chemical industry over the years.  Disadvantages of traditional industrial 
transition metal oxidants are that they produce large volumes of effluent containing 
the transition metals (Solvay Interox, 1993).  However, not only do they have their 
effluent based environment problems, they also tend to be non-selective to the range 
of products produced. 
 
The oxygenation of  alkylaromatic side chain such as 4-t-butyltoluene is of 
fundamental importance in synthetic chemistry (Sheldon, 1981). 
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The interest in converting  4-t-butyltoluene to 4-t-butylbenzaldehyde is due to its use 
as an intermediate in the production of 4-t-butyl-alpha-methyldihydrocinnamaldehyde 
or 3-(4-ter-butylphenyl)-2-methyl propionaldehyde (Scheme 2), trade names 
LilestralTM (BBA), or LilialTM (Givaudan), an important fragrance compound used in 
large quantities in soap and cosmetic perfumes (Jones, 1998).  The consumption of 
flavour and fragrance compounds in 1994 was estimated to be around $US 10 billion 
world−wide and 29% of this figure was due to fragrance compounds alone (Somogyi, 
1996). 
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+      CH2CHO
 CH3
 CHO  CHCHCHO
HO CH3
HC=CCHO
CH3
-H2O
CH2CHCHO
CH3
H2
Scheme  2   : The preparation of 4-t-butyl-alpha-methyldihydrocinnamaldehyde 
                 
                  via the alkaline condensation of 4-t-butylbenzaldehyde and propanal.
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1.7    Electrochemical oxidation of 4-t-butyltoluene : 
 
Commercially, 4-t-butyltbenzaldehyde has been prepared by oxidation of 4-t-
butyltoluene using MnO2 in concentrated sulfuric acid (Utley, 1994).  However, use 
of stoichiometric quantities of MnO2 produces large quantities of MnSO4 which is not 
only expensive but also a waste disposal problem. 
 
Electrochemical oxidation is a better alternative for such processes.  The  Mn 2+/3+-
H2O-H2SO4 system has been used for indirect oxidation of 4-t-butyltoluene to 4-t-
butylbenzaldehyde.  The principle disadvantages of the indirect electrochemical 
synthesis are large reaction volumes, poor space-time yields and problems with 
recycling of electrolyte (Degner, 1988). 
 
4-t-Butyltoluene has been oxidised at a PbO2 anode in sulfuric acid (Tissot, 1981), as 
well as in sulfuric acid−sulfonic acid electrolytes directly, although such oxidation 
produces 4-t-butylbenzoic acid as a by-product (Degner, 1981). 
 
Electrochemical oxidation of 4-t-butyltoluene to 4-t-butylbenzaldehyde via 
methoxylation has also been studied at a carbon anode in acetic acid-methanol as 
electrolyte (Kim, 1987).  Previous researches have used different approaches to 
maximise the process current efficiency for oxidation 4-t-butylbenzaldehyde. 
 
Tissot et al., 1981 have used different anode materials from which lead−antimony 
alloy was found to give maximum current efficiency. 
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Acetates, chlorides or oxides of Cu, Co, Mn, etc. have also been used to increase the 
efficiency for electrochemical oxidation 4-t-butylbenzaldehyde. 
 
Kim et al. (1987) have used NaBF4 to minimize energy consumption during 
methoxylation of 4-t-butyltoluene in a bipolar packed bed-electrode cell. 
A study of the effect of various operating variables on the electrochemical oxidation 
of 4-t-butyltoluene to 4-t-butylbenzaldehyde has indicated that low acid concentration 
in the electrolyte and lower operating temperature favour high current efficiency for 
4-t-butylbenzaldehyde.  Periodic addition of acid to the electrolyte yields a 
substantially higher current efficiency for 4-t-butylbenzaldehyde (Vaze, 1998). 
 
It appears that optimum conditions to obtain maximum current efficiency for  
4-t-benzaldehyde are not fully understood. 
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1.8    Metal catalysed oxidation of organic compounds :  
 
Catalysis by metal complexes plays an important role in the control of selective, 
partial oxidation of alkanes, olefines, and aromatic hydrocarbons to useful 
commercial products. 
 
Indeed, the majority of petrochemical processes are catalytic, the most important ones 
being catalytic oxidations (Sittig, 1968; Dumas, 1974; Hucknall, 1974). 
The first observation of a catalytic oxidation can probably be attributed to Davy 
(1820), who showed that ethanol is oxidised to acetic acid in the presence of platinum. 
 
Although there were some industrial processes, such as the silver catalysed oxidation 
of ethylene to ethylene oxide discovered in 1933, the field of metal-catalysed 
oxidation assumed importance only in the 1940s. 
 
Several important industrial processes were developed for the selective partial 
oxidation of hydrocarbon feedstock during the 1940s and 1950s.  In 1938 the use of 
cobalt salts, manganese salts, and acetic acid as solvent was disclosed by DuPont for 
the partial oxidation of toluene to benzoic acid (40% yield from 46% conversion) 
(Loder, 1938).  This knowledge led to the first commercial autoxidation process to 
produce terephthalic acid in 1951.  Dubbed the Witten or Imhausen process, it was 
based on the cobalt catalysed oxidation of  p−xylene and gave terephthalic acid in 
15% per pass yield (Weissermel, 1993). 
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In 1954, the Amoco MC catalyst was discovered apparently independent of DuPont, 
Amoco and others by Landau, Saffer and Baker of Scientific Design (Landau, 1968) 
and it was patented in 1958 by Saffer and Braker. 
 
The serious study and application of homogeneous catalysts of liquid-phase oxidation 
developed in from the late 1950s. with, for example, the Aptly process for the 
production of terephthalic acid (Scheme 3). 
 
Scheme 3 : Aptly process for the production of terephthalic acid 
 
 
 
 
 
and the Wacker process for palladium-catalysed oxidation of ethylene gives 
acetaldehyde which is oxidised to acetic acid or anhydride with soluble metal salt 
catalysis (Scheme 4) (Lowry, 1974) 
 Scheme 4 : Wacker process for the production of acetaldehyde.                                   
                                    PdCl2 / CuCl2 
2CH2=CH2   +   O2                                  2CH3CHO 
                                           H2O 
Both were reported in 1959. The Celanese process for the liquid-phase oxidation of n-
butane to acetic acid was also developed in the 1950s and is still in use today. The 
CH3
CH3
+   3O2   ____________
Co(OAc)2 / Br-        
HOAc
CO2H
CO2H
+   2H2O
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success of the Wacker process has led to a burgeoning interest in the chemistry of 
organometallic compounds and in homogeneous catalysis.  In the last two decades, 
there has been a tendency for more petrochemical processes to employ homogeneous 
catalysts in the liquid phase, stimulated by certain process advantages (Parshall, 1978; 
Hatch, 1970; Prengle, 1970; Szonyi, 1968).  Homogeneous catalysts are generally 
more active and selective than their heterogenous counterparts. 
 
In practise, this means less severe reaction conditions leading to lower energy 
requirements, and cleaner processes, affording savings of raw materials and reduced 
pollution. 
 
Converting toluene to benzoic acid  requires a powerful oxidant such as chromic acid 
or potassium permanganate (Solvay Interox, 1993), and from an industrial point of 
view such methods have several disadvantages. The first two of these problems have 
largely been overcome by use of catalytic systems using small amounts of metal salts 
and oxygen as the primary oxidant.  For instance the manufacture of tetraphthalic acid 
can be achieved in good yield by the use of cobalt(II) salts, usually acetate (Hull, 
1954; Jones, 1963; Partenheimer, 1990). 
 
Solvay Interox has developed an indirect approach to this range of products based on 
a photochemical bromination followed by hydrolysis and oxidation steps (Scheme 5). 
The bromine, a potentially environmental unfriendly reagent in its own right, is 
generated in situ from H2O2 and HBr. 
Chapter 1                                            Introduction                                                      18 
The selectivity of the bromination can be controlled by the reaction conditions to give 
either mono or dibromo products (Solvay Interox, 1989). These can be hydrolysed 
and oxidised to give a required product selectivity. 
 
Solvay Interox has also developed two other systems, which work well with activated 
substrates. The systems are based on transition metal salts (Scheme 6).  The two 
systems both employ transition metal acetates in acetic acid solvent in the presence of 
a bromide source, usually sodium bromide (Solvay Interox, 1993). 
The cobalt based system has been developed the furthest to date, with the cerium 
method still in its infancy. 
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_____ ______
CH3                                             CH2Br                                         CHBr2
CH2OH                                        CHO
[H2O]                                        [H2O]
 [ O ]
 [ O ]
H2O2 / HBr                                     H 2O2 / HBr__
COOH
X                                                  X                                                 X
X                                                   X
  X
   hv                                                      hv
 
Scheme 5  : Solvay Interox technology for side-chain oxidation.
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Scheme 6 : Solvay Interox technology for the side−chain oxidation 
                  of activated subsituted toluene. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CH3
X
X                        X
   CHO                CO2H
+
CHO                CH2Br
X                     X
+
    M(OAc)x / H2O2
            AcOH / Br
  
M=Ce
M=Co
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1.9    Mechanistic principles of metal−catalysed oxidations : 
 
Metal−catalysed oxidations may be conveniently divided into two types, which have 
been designated as homolytic and heterolytic. The two types of catalysis usually 
involves soluble transition metal salts (homogenous), such as the acetate or 
naphthenates of Co, Mn, Fe, Cu, etc., or the metal oxides (heterogenous). 
 
Homolytic metal catalysed oxidation necessitates the cycling of the metal species 
between several oxidation states by one equivalent changes.  Free radicals are formed 
as intermediates from the organic substrate. 
 
Heterolytic catalysis involves reactions of organic substrates coordinated to transition 
metals.  It is characterised by the metal complex acting as a Lewis acid or formally 
under going two−equivalent changes.  Free radicals are not intermediates. 
Homolytic catalysis and heterolytic catalysis also fall into the categories that have 
been described as “hard” and “soft” processes, respectively (Ugo, 1969). 
Historically, homolytic catalysis has been known and studied for a long time. 
Heterolytic catalysts represent a relatively recent innovation but nevertheless include 
such important developments as the Wacker process for the oxidation of olefines. 
 
1.10    Homolytic catalysis : 
 
Oxidation−reduction reaction of organic substrates with metal species proceeding by a 
one−equivalent change in the oxidation state of the metal generate free radicals as 
intermediates, e.g.(Scheme 7).    
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Scheme 7 : Oxidation-reduction reaction of toluene with Co(III). 
 
 
 
 
 
 
The subsequent reactions of free radicals with metal complexes can be classified as 
either electron transfer or ligand transfer processes, as schematically represented by 
the following formulations (Kochi, 1966, 1967, 1971, 1973, and 1974; Waters, 1971) 
 
Scheme 8 : Electron or ligand transfer of free radical with metal. 
Electron transfer     Ri+ M n+                       R+  +  M(n−1)+        (11) 
Ligand transfer       Ri+ Mn+ X                    RX + M(n−1)+        (12) 
 
 
 
Competition between electron transfer and ligand transfer depends  to a large extent  
 
on the nature of the ligand (X).  A unified theory of the mechanisms of oxidation of  
 
alkyl radicals by copper(II) complexes, relating to the hard and soft acid−base  
 
classification, has been proposed (Kochi, 1971).  Hard ligands, such as acetate, tend to  
 
favour electron transfer processes whereas soft ligands, such as bromide, favour  
 
ligand transfer.  Attack on the ligand and attack on the metal are competitive in the  
 
case of chloride, which is a borderline case. 
 
CH3                                                                            CH2
+  CoIII                                                                  +   CoII   +   H+
.
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The oxidation of a hydrocarbon side chain attached to an aromatic ring is traditionally  
 
a difficult transformation to accomplish. The most common trasformation is the  
 
conversion of toluenes to benzaldehydes and benzoic acids (Scheme 9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The cobalt(II) acetate, sodium bromide and acetic acid (CAB) system is not easily  
 
controlled to allow selectivity to the aldehyde.  Two mechanisms have been proposed  
 
for its mode of operation (Schemes 10&11) (Partenheimer, 1992 and 1994; Lewis,  
 
1978; Darin, 1987; Parshall, 1992; Sheldon, 1976).  The first mechanism allows  
 
selectivity to aldehyde, while the second mechanism allows selectivity to alcohol.   
 
However, further experiments show that the alcohol is oxidised rapidly to the  
 
aldehyde under the reaction conditions.  For this step to occur the presence of  
 
metal ions are not essential but both bromide and an oxidant must be there.   
 
Probably the effective oxidant is bromine(Eqs. 21&22) (Auty, 1997). 
 
 
 
CH3                          CH2OH                 CHO                         COOH
 [ O ]                        [ O ]                        [ O ]
X                              X                            X                               X
Scheme 9 : Side chain oxidation of substituted toluene
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Scheme 10 : Proposed autoxidation mechanism of alkyl benzene 
                      
                    using the Co(II) acetate/ sodium bromide/   acetic acid. 
 
                      Ox 
Co(II)−Br                  Co(III)−Br                Co(II)   +   Br•     (13)  
 
ArCH3   +   Br•              ArCH2•    +   HBr                             (14) 
 
ArCH2•    +   O2               ArCH2O2•                                       (15) 
 
ArCH2•  + Co(II) + H2O          ArCHO   + Co(III)−OH         (16) 
 
2ArCH2O2•            ArCHO +   ArCH2OH   + O2                   (17)    
 
 
 
Scheme 11 :  Alternative mechanism for the autoxidation  
                       
                      of alkyl benzenes using the CAB/ O2 system. 
 
 
                      Ox 
Co(II)−Br                   Co(III)−Br                                           (18) 
 
ArCH3 + Co(III)−Br               ArCH2⊕ + H−Co(II)−Br          (19) 
 
ArCH2⊕  +  H2O                   ArCH2OH   +   H⊕                     (20) 
 
2HBr  + H2O2                        Br2  + 2H2O                              (21) 
 
ArCH2OH    +   Br2               ArCHO   + 2HBr                      (22) 
 
 
In the both cases, the active species is expected to be a complex of cobalt(III) and  
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bromide ion.  However, the two differ in that one mechanism involves the  
 
decomposition of the complex to liberate a bromine atom. This can then abstract a  
 
hydrogen atom to initiate a chain reaction (Scheme 10) .  In the second proposed  
 
mechanism the cobalt-bromide complex is believed to react with the hydrocarbon and  
 
oxidises the side chain via an hydride transfer process from the methyl carbon  to the  
 
metal centre (Scheme 11). In this case the role of the bromide ligand is to produce a  
 
metal complex with a stable oxidation potential. This mechanism is particularly  
 
favoured in the case of deactivated toluenes, i.e. those substituted with electron  
 
withdrawing groups. 
 
 
 
A further mechanism has been proposed more recently which incorporates the above  
 
two schemes together with the suggestion of mixed valence cobalt dimers and trimers  
 
(Jones, 1981). 
 
 
Jones and co workers (1996) investigated the use of solid peroxygen sources, such as 
sodium perborate mono and tetra hydrate, or urea, with the aim of further improving 
the selectivity of the cobalt(II) acetate/ sodium bromide/ acetic acid system towards 
aldehyde production.  They also discussed the use of solid peroxygen compounds and 
why they suppress over-oxidation to benzoic acids together with a discussion as to the 
possible mechanisms which operate in the system.    
 
Our work describes an attempt to develop the study of Solvay Interox by Jones,  
 
et.al.(1996), increase the selectivity in the hydrogen peroxide oxidation of  
 
4-t-butyltoluene to 4-t-butylbenzaldehyde (Scheme 12). 
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Scheme 12 : Side chain oxidation of 4-t-butyltoluene using cobalt(II) 
                      
                     acetate tetrahydrate/ sodium bromide/ glacial acetic acid 
          
                     system with hydrogen peroxide at 45o C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                          CHO
H2O2   /   CH3COOH
  CH3  
Co(OAc)2   /   NaBr   /  45 oC
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CHAPTER 2.    Methodology 
 
 
 
2.1    Introduction 
 
 
 
In this chapter the techniques used to investigate the reaction  mixtures will be  
 
described.  High performance liquid chromatography (HPLC) was employed as the  
 
principal analytical method.  The reagents and equipment  are described. 
 
 
 
 
 
2.1.1    Cleanliness of glassware 
 
 
 
As hydrogen peroxide is a strong oxidising agent, it follows that it is readily  
 
reduced to lower oxidation states by impurities present in a solution.  Equally 
important, its disproportination is catalysed by trace metal ions. Early workers noted 
that the presence of impurities dramatically reduced the quality of their results 
(Connick, 1952).  To ensure the absence of adventitious metal ions and organic 
matter, all glassware used was soaked overnight in detergent, and then at least 24 hour 
in 2 M hydrochloric acid followed by a base wash with 2 M potassium hydroxide.  All 
glassware was rinsed with Milli-Q Millipore water and then oven dried overnight at 
80 °C prior to use. 
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2.1.2    Materials 
 
 
Substrates :   4-t-butyltoluene, 4-t-butylbenzaldehyde, 4-t-butylbenzoic acid and 4-t- 
 
butylbenzyl bromide were used as received from Fluka Chemika.  4-t-Butylbenzyl  
 
alcohol and 4-t-butylphenol were used as received from Aldrich. 
 
 
 Boric acid was used as received from B.D.H. 
 
 
Peroxygen sources :  Hydrogen peroxide ( 29-32% w/w ) was used as received from  
 
AJAX Chemicals and sodium perborate monohydrate was used as received from  
 
Aldrich.  Hydrogen peroxide was standardised prior to use via a standard potassium  
 
permanganate solution supplied by Merck (Vogel, 1974). 
 
 
Catalysts :  Sodium bromide and sodium chloride were used as received from May 
 
and Baker.  Cobalt(II) acetate tetrahydrate was used as received from Aldrich.   
 
Manganese(II) acetate tetrahydrate was used as received from Fluka Chemika.            
 
 
Internal standard :  Benzophenone was used as received from Aldrich. 
 
 
Solvents :  Glacial acetic acid and acetic anhydride were used as received from  
 
AJAX Chemicals. 
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2.2    Analytical procedures 
 
 
2.2.1    High performance liquid chromatography ( HPLC ) : 
 
 
The reaction mixtures were analysed by HPLC.  Product identification was via  
the use of authentic compounds and retention times.  Retention time was found 
separately for each compound.  Mixtures of all the expected products and the 
substrate in different concentrations injected to the HPLC system and standard curves 
were obtained.  The unconverted substrate and the yield of all products were 
measured by comparing the peak area of each compound with the peak area of the 
standards.  The HPLC instrument comprised the WatersTM 600 controller, Rheodyne 
7725 rotary injection valve, and WatersTM 486 Tunable Absorbance Detector 
operating at 210 nm. The data were collected through WatersTM Millenium HPLC.   
Serva octadecyle Si = 100 or Altech Altima C18-086 columns were used.  The flow 
rate was 1.0 ml/min.  Mobile phase A was water with 0.05% ( v/v ; 4 mM ) 
trifluoroacetic acid.  Mobile phase B was acetonitrile with 0.05% ( v/v ; 4 mM ) 
trifluoroacetic acid.  The solvent program with the Octadecyl Si=100 column started 
at A:B ( 50:50 ) for 8 minutes, then stepped to A:B ( 40:60 ) held for 12 minutes, and 
then to A:B ( 50:50 ) for another 10 minutes.  The solvent program with the Altech 
Altima C18-086 column started at A:B ( 50:50 ) for 10 minutes then stepped to A:B ( 
20:80 ) held for 20 minutes, and then to ( 50:50 ) for another 15 minutes.   
 
Benzophenone was used as the internal standard. 
 
 
 
Chapter 2                                             Methodology 30
 
2.2.2    Method of preparing samples : 
 
 
Before the analysis of unconverted substrate and the yields of the products were  
 
made, standards of 4-t-butyltoluene, 4-t-butylbenzaldehyde, 4-t-butylbenzoic acid,  
 
4-t-butylphenol, 4-t-butylbenzyl bromide, and 4-t-butylbenzyl alcohol were  
 
prepared in different concentrations using glacial acetic acid. 
 
 
 
2.2.3    Preparing of stock solutions : 
 
 
Separate stock solutions of 4-t-butyltoluene and all of the expected products were 
prepared by dissolving in 50 ml of glacial acetic acid 4-t-butyltoluene ( 2.50 g, 16.90 
mmol ), 4-t-butylbenzaldehyde ( 1.25 g, 7.71mmol ) , 4-t-butylbenzoic acid ( 1.25 g, 
7.01 mmol ), 4-t-butylphenol ( 1.25 g, 8.32 mmol ), 4-t-butylbenzyl bromide ( 0.30 g, 
1.32 mmol ), 4-t-butylbenzyl alcohol ( 1.25 g, 7.61 mmol ) and benzophenone ( 0.6 g 
).  
 
2.2.4   Retention time of each compounds: 
 
 
The retention time was found for each compound using benzophenone as an internal  
 
standard.  A solution of each compound ( 50 µl ) with 100 µl of benzophenone  
 
solution  were diluted to 1000 µl with glacial acetic acid, then 2 µl  was injected into  
 
the HPLC system and the retention time was found. 
 
 
 
2.2.5    Preparing of standards : 
 
 
Aliquots of 4-t-butyltoluene and 4-t-butylbenzaldehyde ( 10, 20, 30, 40, 50, 60, 70, 
80, 90, 100, 110, or 120 µl ) of each were mixed with ( 5, 10, 15, 20, 25, 30, 35, 40, 
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45, 50, 55, or 60 µl ), respectively, of each of 4-t-butylbenzoic acid, 4-t-butylphenol, 
4-t-butylbenzyl bromide, and 4-t-butylbenzyl alcohol, respectively. Benzophenone ( 
100 µl ) was added to each mixture which was diluted to 1000 µl with glacial acetic 
acid.  Each mixture ( 2 µl ) was injected in to HPLC system.  Mellinium software was 
employed to record the area under the peaks generated for each compound. 
The ratio of peak area of each compound to the peak area of benzophenone was  
calculated.   Standard curves for each compound was obtained by plotting the ratio  
 
of peak area and concentrations in mmol. 
 
 
 
2.2.6    Preparing the reaction product samples for HPLC analysis : 
 
 
Samples ( 50 µl ) were taken at various periods ( 0, 15, 30, 45, 60, 75, 90, 105, 120,  
150,  or 180 minutes ) during the reaction.  Benzophenone ( 100 µl ) was added to 
each sample which was diluted to 1000 µl with glacial acetic acid, then ( 2 µl ) of the 
sample was injected to HPLC system.  The ratio of peak area of unconverted 4- 
t-butyltoluene and of the products to that of the benzophenone were calculated.  The 
amount of 4-t-butyltoluene and of the products were found by comparing the ratio 
peak area of each compound with the ratio of the peak area of the standards. 
 
 
The yield of all expected products, the conversion of 4-t-butyltoluene, and the  
 
selectivity were calculated.  The yield is the amount of product divided by the  
 
original amount of substrate charged expressed as a percentage.  The conversion is the  
 
total amount of substrate consumed in the formation of reaction products expressed  
 
as a percentage of the original amount.  The reaction selectivity was determined as a  
 
function of substrate conversion.  Selectivity is the ratio of a particular product to the  
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amount of substrate consumed, again expressed as a percentage.  These quantitations  
 
were determined by monitoring all the easily observable intermediates ( 4-t- 
 
butyltoluene, 4-t-butylbenzaldehyde, 4-t-butylbenzoic acid, 4-t-butylphenol, 4-t- 
 
butylbenzyl bromide, and 4-t-butylbenzyl alcohol ) by HPLC, as a function of  
 
reaction times and are presented as  product distribution diagrams. 
 
 
 
2.3 Analysis of residual hydrogen peroxide : 
 
 
Flow injection-spectrophotometric analysis method was used for analysis of residual  
 
hydrogen peroxide in the oxidation of 4-t-butyltoluene with cobalt(II) acetate  
 
tetrahydrate/ sodium bromide/ glacial acetic acid.  The optimum conditions for rapid  
 
sensitive analysis of hydrogen peroxide have been found. 
 
 
Before the flow injection determination of residual hydrogen peroxide can be made,  
 
standard solutions of hydrogen peroxide must be prepaired. 
 
 
The residual hydrogen peroxide was then determined by comparing peak height of the  
 
samples with the peak height of the standards obtained. 
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2.4    General and variation experimental procedures : 
 
 
A 100 ml round bottom flask was equipped with a water cooling condenser, water 
bath, thermometer, nitrogen inlet and outlet, overhead stirrer, glass stirrer rod and 
polytetrafluoroethylene (PTFE)  paddle.  In a typical experiment it was charged with 
glacial acetic acid (50 g), sodium bromide (4.8 mmol) and cobalt(II) acetate 
tetrahydrate (2.0 mmol).  The system was then purged with nitrogen at ambient 
temperature for 15 minutes.  Substrate (32.9 mmol) was added to the mixture.  The 
dark blue solution was warmed to 30, 45, or 60 °C and the peroxygen source then 
added  over 0, 15, 30, 60, or 120 minutes.  Aqueous hydrogen peroxide (50, 75, 100, 
or 200 mmol) was added by a peristaltic pump, while sodium perborate monohydrate 
was added through the nitrogen inlet in 4 aliquots.  In some experiments the reaction 
was  left to proceed at 45 °C for a further 2 hours.  The solutions were subsequently 
cooled to ambient temperature and analysed by HPLC . 
 
In some experiments the temperature, time of reaction, cobalt(II) acetate tetrahydrate 
and sodium bromide catalyst concentrations, and oxidant type and concentration were 
changed or one of the reagents was omitted.  In other experiments, 4-t-butyltoluene 
was replaced by other substrates or was mixed with expected products.  In a few 
experiments the solvent was replaced or mixed with acetic anhydride, methanol, or 
water. 
 
In a typical experiment mentioned previously, the solution was warmed to different 
temperatures ( 30, 45, or 60o C ).  The reaction time was also studied by adding 
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hydrogen peroxide in over different  periods ( 0, 15, 30, 60, or 120 minutes).  
Different amounts of hydrogen peroxide ( 50, 75, 100, or 200 mmol ) were added to 
the solution to study the effect of hydrogen peroxide.  The effect of cobalt(II) acetate 
tetrahydrate was studied by adding 1, 2, or 3 mmol to the mixture solution.  Different 
amounts of sodium bromide ( 0.97, 1.60, 2.92, 3.89, 4.80, 5.83, or 7.77 mmol) were 
added to the mixture solution.  In other experiments the effect of adding cobalt(II) 
acetate tetrahydrate together with hydrogen peroxide was studied .  The effect of two 
additions of all the reagents or the substrate was also studied.  The effect of different 
oxidants ( 2 g of sodium perborate monohydrate, or boric acid with hydrogen 
peroxide in 0.65:1 mole ratio ) were also studied by adding the oxidant in place of 
hydrogen peroxide.  Different catalysts ( 2 mmol of cobalt(III) acetate tetrahydrate, 2 
mmol of manganese(II) acetate tetrahydrate alone or with 2 mmol of cobalt(II) acetate 
tetrahydrate, or 0.2 g of 2,2´,6,6´−tetramethylpiperidine N−oxyl(TEMPO) with 2 
mmol of cobalt(II) acetate tetrahydrate) were added in place of  cobalt(II) acetate 
tetrahydrate.  The effect of  small amounts of acetic anhydride was studied by adding 
different amounts of acetic anhydride ( 75, 100, or 150 mmol ).  Acetic anhydride 
with glacial acetic acid ( 1:1 mole ratio) was also used in some experiments.  Sodium 
chloride was added with cobalt(II) acetate and sodium bromide as cocatalyst in some 
experiments as a solvent.  The effect of 50 , or 100 mmol of water or methanol with 
glacial acetic acid ( 1:3 mole ratio) was also studied in some experiments.   
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CHAPTER 3. The oxidation of 4-t-butyltoluene : 
 
 
3.1    Introduction 
 
 
The oxidation of 4-t-butyltoluene using the cobalt(II) acetate tetrahydrate/ sodium  
 
bromide/ glacial acetic acid system in the presence of hydrogen peroxide or sodium  
 
perborate monohydrate at 45 °C yielded five measurable products :  4-t- 
 
butylbenzaldehyde, 4-t-butylbenzoic acid, 4-t-butylphenol, 4-t-butylbenzyl bromide, and  
 
4-t-butylbenzyl alcohol (Scheme 13). No additional major peaks observed. 
 
 
Scheme 13 : Side-chain oxidation of 4-t-butyltoluene with hydrogen  
                      
                      peroxide using cobalt(II) acetate and sodium bromide in  
 
                      glacial acetic acid at 45 °C 
 
 
 
 
The major product was 4-t-butylbenzaldehyde.  The selectivity with respect to 4-t- 
 
butylbenzaldehyde depended upon the temperature, time of reaction, cobalt and  
 
bromide catalysts concentrations, and oxidant type and concentration. 
 CH3                                     CHO         COOH          OH             CH2Br       CH2OH 
             +                  +                 +                +H2O2 / AcOH
Co(OAc)2 / NaBr
at 45 oC
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3.2    Temperature effect : 
 
 
The temperature was found to be an important factor for obtaining a good selectivity  
 
towards 4-t-butylbenzaldehyde.  Table 3.1 shows the effect of different temperatures on  
 
the oxidation of 4-t-butyltoluene.  When  hydrogen peroxide was used at a temperature of 
45 ºC the conversion was 50% and the selectivity towards 4-t-butylbenzaldehyde 52% 
with 2% for 4-t-butylbenzoic acid and the selectivity towards 4-t-butylbenzyl bromide 
was again 1%.  There were no significant changes towards  4-t-butylbenzaldehyde and 4-
t-butylbenzyl bromide when the temperature changed from 45 to 60 °C.  The only change 
observed was that the selectivity towards 4-t-butylbenzoic acid increased to 4%.  When 
the temperature 30 oC was used the conversion was high but because the selectivity for 4-
t-butylbenzaldehyde was only 9%,  the study was not continued at this temperature.  
Therefore, the temperature 45 °C was chosen as an optimum temperature for a good yield 
of 4-t-butylbenzaldehyde. 
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Table 3.1 :    Effect of temperature on the oxidation of 32.9 mmol of 4-t-butyltoluene  
                    
                     using 2 mmol of cobalt(II) acetate,  4.8 mmol of sodium bromide in glacial  
 
                     acetic acid, and 50 mmol of hydrogen peroxide added as oxidant. 
 
 
 
Temperature  
°C 
Conversion of  
4-t- 
butyltoluene 
% 
Selectivity  
towards 4-t-
butylbenzaldehyde 
% 
Selectivity  
towards 4-t- 
butylbenzoic 
acid % 
Selectivity  
towards 4-t-
butylbenzyl 
bromide % 
45 50 52 2 1 
60 49 51 4 1 
 
Chapter 3                         The oxidation of 4-t-butyltoluene                                     38                                        
 
The effect of reaction temperature on the cobalt(II) acetate-bromide catalysed oxidation  
 
of 4-t-butyltoluene using hydrogen peroxide is complicated and not well documented. 
 
 
Gerber suggested that to achieve high aldehyde selectivity during the cobalt(II) acetate- 
 
sodium bromide catalysed oxidation of alkylbenzenes by air, oxidations  have to be  
 
carried out at relatively low reaction temperatures below about 90 oC (Gerber, 1997 ). 
 
 
Reactions can be carried out at low temperature by the use of hydrogen peroxide  
 
in place of air (Solvay Interox , 1993 ).  This allows lower temperatures to be employed  
 
and a mixture of aldehyde and acid is obtained. 
 
 
The similarity of the  
 
conversion and selectivity at 45 and 60 °C  is probably due to the instability of the  
 
hydrogen peroxide at the higher temperature, offsetting the expected increase in rate of  
 
the higher temperature. 
 
 
The increase in the  yield of 4-t-butylbenzoic acid from 1 to 4 mmol with rise in  
 
temperature from 30 to 60 °C is consistent with results of Vaze,et al. 1998, who  
 
described the efficiency for 4-t-butylbenzaldehyde, and  found that 4-t- 
 
butylbenzaldehyde is prone to oxidation and converted to 4-t-butylbenzoic acid at  
 
higher temperature. 
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3.3    Reaction time effect : 
 
 
The time over which the hydrogen peroxide was added was found to be an important  
 
factor for obtaining good selectivity towards 4-t-butylbenzaldehyde.  If added all at once  
 
at the beginning with 4-t-butyltoluene, as shown in Figure 3.1, it was found that the  
 
conversion of 4-t-butyltoluene was only 7.0 mmol and the yield of 4-t-butylbenzaldehyde  
 
was only 2.72 mmol while the yields of 4-t-butylbenzoic acid, 4-t-butylphenol, and 4-t- 
 
butylbenzyl bromide were 1.48, 0.78, and 0.90 mmol,  respectively.  There was no  
 
evidence for production of 4-t-butylbenzyl alcohol.   
 
 
 
Figure 3.2 shows the results of adding 50 mmol of hydrogen peroxide over a period of  
 
15 minutes.  The conversion of 4-t-butyltoluene was 13 mmol in 15 minutes.  It was  
 
found that in the first 10 minutes during which 75% of the hydrogen peroxide was added  
 
the yield of 4-t-butylbenzaldehyde was 8 mmol while the yields of 4-t-butylbenzoic acid,  
 
4-t-butylphenol, and 4-t-butylbenzyl bromide were 1.4, 0.70, and 0.28 mmol,  
 
respectively.  It was again found that no 4-t-butylbenzyl alcohol was obtained.   The  
 
reaction was fast at the beginning of the addition of hydrogen peroxide and it was found  
 
that most of 4-t-butylbenzaldehyde was obtained in the first 5 minutes when only 20  
 
mmol of hydrogen peroxide had been added. This quantity (20 mmol) can produce only  
 
10 mmol of 4-t-butylbenzaldehyde and about 8 mmol is found along with 1.4 mmol of  
 
acid which require 4 mmol of hydrogen peroxide. The results indicates that most of  
 
peroxide is used productively.       
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Figure 3.3 shows the results of 50 mmol of hydrogen peroxide added over a period of  
 
30 minutes.  It was found again that 7.34 mmol of 4-t-butylbenzaldehyde was  produced  
 
in first 15 minutes with the addition of only 50% of hydrogen peroxide.  At the end of the  
 
reaction, when another 50% of hydrogen peroxide had been added, the conversion of 4-t- 
 
butyltoluene was 16 mmol but the yield of 4-t-butylbenzaldehyde was increased only to  
 
8.44 mmol with 1.56, 0.72, 0.60, and 0.12 mmol of 4-t-butylbenzoic acid, 4-t- 
 
butylphenol, 4-t-butylbenzyl bromide, and 4-t-butylbenzyl alcohol, respectively.  It was  
 
found again that most of 4-t-butylbenzaldehyde was obtained at first 15 minutes when  
 
only 25 mmol of hydrogen peroxide was added.  
 
 
Figure 3.4 shows the results of 50 mmol of hydrogen peroxide added over a period of  
 
60 minutes.  The conversion of 4-t-butyltoluene was again 16 mmol.  It was again found  
 
that 8 mmol of 4-t-butylbenzaldehyde was produced in the first 30 minutes during which  
 
only 50%  of hydrogen peroxide was added.  At the end of the reaction, when another  
 
50% of hydrogen peroxide had been added, the yield of 4-t-butylbenzaldehyde was 9  
 
mmol with 1.68, 0.74, 0.76, and 0.90 mmol of 4-t-butylbenzoic acid, 4-t-butylphenol, 4-t- 
 
butylbenzyl bromide, and 4-t-butylbenzyl alcohol, respectively.   
 
 
Figure 3.5 shows the results of 50 mmol of hydrogen peroxide added over a period of   
 
120 minute. The conversion of 4-t-butyltoluene was greater at 21.5 mmol. The  
 
production of 4-t-butylbenzaldehyde was slower than before at 10 mmol with 2.84, 0.74,  
 
and 1.1 mmol of 4-t-butylbenzoic acid, 4-t-butylphenol, and 4-t-butylbenzyl bromide,  
 
respectively.  No 4-t-butylbenzyl alcohol was observed.  
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Figure 3.6 shows a summary of the results of the effect of different periods ( 0, 15, 30,  
 
60, or 120 ) of time during which 50 mmol of hydrogen peroxide was added.  It was  
 
found that less than 3 mmol of 4-t-butylbenzaldehyde was obtained when 50 mmol of  
 
hydrogen peroxide was added all at once at the initial stage with substrate.  There was  
 
good mass accountability, very efficient oxidation initially, but not much further product  
 
after the initial burst.    
 
 
Higher yields of 4-t-butylbenzaldehyde were obtained when 50 mmol of hydrogen  
 
peroxide was added gradually.  Addition over 120 minutes gave the higher conversion of  
 
4-t-butyltoluene of 21.5 mmol.  The yield and the selectivity towards 4-t- 
 
butylbenzaldehyde with a good mass accountability, however, were greatest when 50  
 
mmol of hydrogen peroxide was added during 60 minutes, and this addition time was  
 
chosen for the next experiments.  
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Figure 3.1 : Effect of 50 mmol of hydrogen peroxide added all at once with substrate at 
initial stage on the oxidation of 32.9 mmol of 4-t-butyltoluene using 2 mmol of cobalt(II) 
acetate and 4.8 mmoles of sodium bromide in glacial acetic acid at 45 °C 
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Figure 3.2 : Effect of 50 mmol of hydrogen peroxide added in 15 minutes on the 
oxidation of 32.9 mmol of 4-t-butyltoluene using 2 mmol of cobalt(II) acetate and 
4.8 mmol of sodium bromide in glacial acetic acid at 45  °C 
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Figure 3.3 : Effect of 50 mmol of hydrogen peroxide added in 30 minutes on the  
oxidation of 32.9 mmol of 4-t-butyltoluene using 2 mmol of cobalt(II) acetate and  
4.8 mmol of sodium bromide in glacial acetic acid at 45 °C 
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Figure 3.4 : Effect of 50 mmol of hydrogen peroxide added in 60 minute on the  
oxidation of 32.9 mmol of 4-t-butyltoluene using 2 mmol of cobalt(II) acetate and 4.8  
mmol of sodium bromide in glacial acetic acid at 45 °C 
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Figure 3.5 : Effect of 50 mmol of hydrogen peroxide added in 120 minutes on the  
oxidation of 32.9 mmol of 4-t-butyltoluene using 2 mmol of cobalt(II) acetate and 4.8  
mmol of sodium bromide in glacial acetic acid at 45 °C 
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Figure 3.6 :  Effect of periods of time addition over which 50 mmol of hydrogen peroxide  
added in oxidation of 32.9 mmol of 4-t-butyltoluene using 2 mmol of cobalt(II) acetate  
tetrahydrate and 4.8 mmol of sodium bromide in glacial acetic acid at 45 °C 
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CHAPTER 4.    The effect of the oxidant  
 
 
4.1    Effect of quantity of hydrogen peroxide : 
 
 
4-t-Butyltoluene  was oxidised  with different amounts of hydrogen peroxide ( 50, 75,  
 
100, or 200 mmol ) added over a period of 30 or 60 minutes.   
 
 
 
Figure 4.1  shows the results of 75 mmol of hydrogen peroxide added over a period of 30  
 
minutes.  It was found that the yield of 4-t-butylbenzaldehyde was 6.92 mmol in first 15  
 
minutes during which 50% of hydrogen peroxide was added, and increased to only 7.42  
 
mmol when another 50%  of hydrogen peroxide was added.  The conversion was about  
 
17 mmol with less than 50% selectivity towards 4-t-butylbenzaldehyde. 
 
 
 
Figure 4.2 shows the result of 100 mmol of hydrogen peroxide added over a period of  
 
30 minutes.  It was found that the yield of 4-t-butylbenzaldehyde decreased to 6.56  
 
mmol.  The conversion of 4-t-butyltoluene increased to 18.5 mmol with 29.0%  
 
selectivity towards 4-t-butylbenzaldehyde.  There was loss of substrate to unidentified  
 
materials.  
 
 
 
Figure 4.3 shows the result of 200 mmol of hydrogen peroxide added over a period of 30  
 
minutes.  It was found that the yield of 4-t-butylbenzaldehyde decreased to only 3 mmol  
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with conversion of  30 mmol.  The selectivity towards 4-t-butylbenzaldehyde was 11.0% 
 
with more unidentified materials. 
 
 
Figures 4.4, 4.5, and 4.6 show the results of 75, 100, or 200 mmol of hydrogen  
 
peroxide, respectively, added over a period of 60 minutes.  There were no significant  
 
changes in the conversion of 4-t-butyltoluene and the yield of products, with a ± 1 mmol  
 
for each amount of hydrogen peroxide, compared with a period of 30 minutes, except for  
 
200 mmol of hydrogen peroxide added over 60 minutes, when 4-t-butylbenzaldehyde was  
 
consumed and 4-t-butylbenzoic acid and 4-t-butylphenol appeared.  The conversion of 4- 
 
t-butyltoluene with 200 mmol of hydrogen peroxide was found to be higher than before,  
 
largely to unidentified materials. 
 
 
Figure 4.7 shows the summary of the results of the effect of different amounts of  
 
hydrogen peroxide ( 50, 75, 100, or 200 mmol ) added over a period of 30 or 60 minutes,  
 
on the selectivity towards 4-t-butylbenzaldehyde and the conversion of 4-t-butyltoluene.   
 
It was found that the highest selectivity ( 55% ) towards 4-t-butylbenzaldehyde was  
 
obtained with 50% conversion of 4-t-butyltoluene when 50 mmol of hydrogen peroxide  
 
had been used.  The selectivity was only 14.0% when 200 mmol of hydrogen peroxide  
 
was used with conversion of 91.0% of 4-t-butyltoluene.  Therefore, 50 mmol of hydrogen  
 
was chosen to obtain a good yield and selectivity towards 4-t-butylbenzaldehyde. 
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Figure 4.1 : Effect of 75 mmol of hydrogen peroxide added in 30 minutes on the  
oxidation of 32.9 mmol of 4-t-butyltoluene using 2 mmol of cobalt(II) acetate and  
4.8 mmol of sodium bromide in glacial acetic acid at 45 °C 
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Figure 4.2 : Effect of 100 mmol of hydrogen peroxide added in 30 minutes on the  
oxidation of 32.9 mmol 4-t-butyltoluene using 2 mmol of cobalt(II) acetate and 4.8  
mmol of sodium bromide in glacial acetic acid at 45 °C 
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Figure 4.3 : Effect of 200 mmol of hydrogen peroxide added in 30 minutes on the  
oxidation of 32.9 mmol 4-t-butyltoluene using 2 mmol of cobalt(II) acetate and 4.8  
mmol of sodium bromide in glacial acetic acid at 45 °C 
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Figure 4.4 : Effect of 75 mmol of hydrogen peroxide added in 60 minutes on the  
oxidation of 32.9 mmol of 4-t-butyltoluene using 2 mmol of cobalt(II) acetate and 4.8  
mmol of sodium bromide in glacial acetic acid at 45 °C 
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Figure 4.5 : Effect of 100 mmol of hydrogen peroxide added in 60 minutes on the  
oxidation of 32.9 mmol of 4-t-butyltoluene using 2 mmol of cobalt(II) acetate and 4.8  
mmol of sodium bromide in glacial acetic acid at 45 °C 
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Figure 4.6 : Effect of 200 mmol of hydrogen peroxide added in 60 minutes on the  
oxidation of 32.9 mmol of 4-t-butyltoluene using 2 mmol of cobalt(II) acetate and  
4.8 mmol of sodium bromide in glacial acetic acid at 45 °C 
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Figure 4.7 : Effect of different amounts ( 50, 75, 100, or 200 mmol ) of hydrogen  
peroxide on the oxidation of 32.9 mmol 4-t-butyltoluene using 2 mmol of cobalt(II)  
acetate and 4.8 mmol of sodium bromide in glacial acetic acid at 45 °C 
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4.2    Effect of alternative oxidants on the oxidation of 4-t-butyltoluene: 
 
 
4-t-Butyltoluene was oxidised using cobalt(II) acetate tetrahydrate and sodium bromide  
 
in glacial acetic acid with different alternative oxidants ( sodium perborate  
 
monohydrate, or using boric acid with hydrogen peroxide in 0.65:1 mole ratio ).  Table  
 
4.1 shows the results. The best primary oxidant over the conditions used was found to be  
 
hydrogen peroxide, which offered a 4-t-butylbenzaldehyde  selectivity of 80%.  Substrate  
 
conversions were found to be different due to primary oxidant source, for example,  
 
aqueous hydrogen peroxide converted the substrate at around the same sort of level as  
 
sodium perborate monohydrate.  However, when boric acid was used with hydrogen  
 
peroxide the conversion dropped to 29% but the selectivity was close to that found when  
 
aqueous hydrogen peroxide was used. 
 
 
 
 
4.3 Analysis of residual hydrogen peroxide : 
 
 
It was found that most of hydrogen peroxide consumed and less than 0.2 mmol of  
 
hydrogen peroxide was remaining at the end of the oxidation of 4-t-butyltoluene with the  
 
system. 
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Table 4.1  :   Effect of alternative oxidants on the oxidation of 4-t-butyltoluene. 
 
 
Oxidant Unconverted 
4-t- 
butyltoluene  
 
mmol 
Conversion  
of 4-t-
butyltoluene 
 
mmol 
 
4-t- 
Butylben- 
zaldehyde 
 
mmol, 
yield % 
4-t- 
Butylb- 
enzoic 
acid 
mmol, 
yield % 
4-t- 
Butyl-
benzyl  
bromide 
mmol, 
yield% 
 
Selectivity 
to 4-t- 
butylbenz- 
aldehyde 
% 
Sodium 
perborate 
monohydrate 
21.20 35.50 6.37 
19.34 
1.54 
4.68 
2.20 
6.44 
54.37 
Hydrogen 
peroxide 
21.20 35.50 9.38 
28.50 
1.68 
5.10 
0.09 
0.27 
80.20 
Hydrogen 
peroxide + 
Boric acid 
(1 : 0.65) 
23.36 29.00 7.38 
22.40 
 
1.00 
3.00 
0 
0 
77.00 
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CHAPTER 5.    The effect of the catalysts 
 
 
 
 
5.1    Effect of quantity of sodium bromide : 
  
4-t-Butyltoluene was oxidised with cobalt(II) acetate in glacial acetic acid by hydrogen  
 
peroxide added over a period of 60 minutes in the absence of sodium bromide. There  
 
were no evidence for formation of any products in the absence of sodium bromide (  
 
Table 7.1). 
 
 
4-t-Butyltoluene was also oxidised with different amounts of sodium bromide ( 0.97,  
 
1.60, 2.92, 3.89, 4.80, 5.83, or 7.77 mmol ) added with 4-t-butyltoluene.    
 
 
Figure 5.1 shows the results.  It was found that when from 2 to 6 mmol of sodium  
 
bromide was added, the yield of 4-t-butylbenzaldehyde was fairly constant, while the  
 
substrate conversion increased.  Therefore the determining factor for sodium bromide  
 
concentration was the relatively high and constant conversion factor in the range of 2-6  
 
mmol.  The selectivity towards 4-t-butylbenzaldehyde was fairly constant between  3 to 6  
 
mmol of sodium bromide.  Increasing the sodium bromide over 4.8 mmol caused a  
 
decreased in the yield and the selectivity towards 4-t-butylbenzaldehyde, while the  
 
conversion of 4-t-butyltoluene continued to increase.  
 
 
The effect of adding 4.8 mmol of sodium bromide in 4 aliquots together with 50  
 
mmol of hydrogen peroxide dropwise over 60 minutes on the oxidation of 32.9 mmol of  
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4-t-butyltoluene at 45 °C was also studied.  Figure 5.2 shows the results.  It was  
 
found that the yield of 4-t-butylbenzaldehyde was close to that found when sodium  
 
bromide was added at initial stage with cobalt(II) acetate and 4-t-butyltoluene, but that  
 
the reaction is somewhat slower, consistent with the lower initial concentration of  
 
bromide ion.  These results suggest that the presence of sodium bromide is important in  
 
determining selectivity towards 4-t-butylbenzaldehyde, but that the selectivity is not  
 
strongly affected by the bromide concentration, decreasing only at higher amounts above  
 
6 mmols. 
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       Figure 5.1 : Effect of different amounts ( 0.97, 1.60, 2.92, 3.89, 4.80, 5.83, or  
       7.77 mmol ) of sodium bromide on the oxidation of 32.9 mmol of 4-t-butyltoluene  
       using 2 mmol of cobalt(II) acetate with 50 mmol of hydrogen peroxide in glacial 
       acetic acid at 45 °C 
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Figure 5.2 : Effect of 4.8 mmol of sodium bromide added in 4 aliquots together with  
50 mmol of hydrogen peroxide dropwise in 60 minutes on the oxidation of 32.9 mmol  
of 4-t-butyltoluene using 2.0 mmol of cobalt(II) acetate at 45 °C 
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5.2    Effect of cobalt(II) acetate tetrahydrate 
 
5.2.1    Effect of quantity of cobalt(II) acetate tetrahydrate : 
 
 
4-t-Butyltoluene was reacted with sodium bromide in glacial acetic acid with addition of  
 
50 mmol of hydrogen peroxide over a period of 60 minutes in the absence of cobalt(II)  
 
acetate.    It was found that only 0.74 mmol of 4-t-butylbenzaldehyde, with 2 mmol of 4- 
 
t-butylbenzyl bromide and only 0.14 mmol of butylbenzyl alcohol were obtained.  There  
 
were no evidence for formation of 4-t-butylbenzoic acid or 4-t-butylphenol in the absence  
 
of cobalt(II) acetate tetrahydrate (Table 7.1). 
 
 
4-t-Butyltoluene was also oxidised with different amounts of cobalt(II) acetate  
 
tetrahydrate ( 1, 2, or 3 mmol ).  Figures 5.3, 3.4, and 5.4 show the effect on the oxidation  
 
of 4-t-butyltoluene using 4.8 mmol of sodium bromide (added at initial stage) with 1  
 
mmol of cobalt(II) acetate tetrahydrate.  The yield of 4-t-butylbenzaldehyde was about 4  
 
mmol with conversion of 14 mmol of 4-t-butyltoluene.  With 3 mmol of cobalt(II) acetate  
 
tetrahydrate the yield of 4-t-butylbenzaldehyde increased to 8 mmol with the conversion  
 
of 17 mmol.  With 2 mmol of cobalt(II) acetate with the same system the yield of  
 
4-t-butylbenzaldehyde was 10 mmol with the conversion of 21 mmol (Figure 3.4). 
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Figure 5.3 : Effect of 1 mmol of cobalt(II) acetate tetrahydrate on the oxidation of 32.9  
mmol of 4-t-butyltoluene using 4.8 mmol of sodium bromide in glacial acetic acid  
with 50 mmol of hydrogen peroxide added over a period of 60 minutes at 45 °C 
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Figure 5.4 : Effect of 3 mmol of cobalt(II) acetate tetrahydrate on the oxidation of 32.9  
mmol of 4-t-butyltoluene using 4.8 mmol of sodium bromide in glacial acetic acid  
with 50 mmol of hydrogen peroxide added over a period of 60 minutes at 45 °C 
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Figure 5.5 : Effect of different amounts (1, 2, or 3 mmol ) of cobalt(II) acetate 
tetrahydrate on the oxidation of 32.9 mmol of 4-t-butyltoluene using 4.8 mmol of sodium 
bromide in glacial acetic acid with 50 mmoles of hydrogen peroxide added over a period 
of 60 minutes at 45 °C 
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5.2.2 Effect of feeding cobalt(II) acetate together with hydrogen  
 
            peroxide on the oxidation of 4-t-butyltoluene : 
 
 
4-t-Butyltoluene was oxidised with 2 mmol of cobalt(II) acetate tetrahydrate added to the  
 
reaction mixture in 4 aliquots together with 50 mmol of hydrogen peroxide over a period  
 
of 60 minutes.  Figure 5.6 shows the results.  The yield of 4-t-butylbenzaldehyde  
 
decreased to only 5.5 mmol.  The conversion  of 4-t-butyltoluene was 11 mmol with good  
 
mass accountability.  The yields of 4-t-butylbenzoic acid, 4-t-butylphenol, 4-t- 
 
butylbenzyl bromide, and 4-t-butylbenzyl alcohol were 1.72, 0.76, 0.80, and 0.42 mmol,  
 
respectively. 
 
 
 
5.2.3 Effect of two  additions of hydrogen peroxide, cobalt(II)  
 
            acetate tetrahydrate and sodium bromide on the oxidation of  
             
            4-t-butyltoluene : 
 
 
Figure 5.7 shows the result of the oxidation of 4-t-butyltoluene using two additions of  
 
2 mmol of cobalt(II) acetate tetrahydrate, 4.8 mmol of sodium bromide in glacial acetic  
 
acid, with 50 mmol of hydrogen peroxide added over a period of 60 minutes.  The  
 
second addition (2 mmol of cobalt(II) acetate tetrahydrate and 4.8 mmol of sodium  
 
bromide all at once) was made 60 minutes after the first addition.  Another 50 mmol of  
 
hydrogen peroxide was added over a period of 60 minutes.   
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It was found that the yield of 4-t-butylbenzaldehyde was close to that obtained when the  
 
oxidation occurs with one addition, while the conversion was greater at 21.7 mmol with a  
 
gradually loss of mass accountability.  The other product yields were close to those  
 
obtained in one addition, except for the 4-t-butylbenzyl alcohol, the yield was more and it  
 
was 1.0 mmol. 
 
 
 
5.2.4    Effect of two step  oxidations of 4-t-butylyoluene using cobalt(II)  
 
            acetate, sodium bromide and hydrogen peroxide in glacial acetic  
 
            acid :  
 
 
 
Figure 5.8 shows the effect of adding 4-t-butyltoluene to the reaction mixture in two  
aliquots, at zero and after 30 minutes,  It was found that at the end of reaction the 
conversion of 4-t-butyltoluene was 17 mmol, and only 6 mmol of 4-t-butylbenzaldehyde 
obtained while the yields of 4-t-butylbenzoic acid , 4-t-butylphenol, 4-t-butylbenzyl 
bromide, and 4-t-butylbenzyl alcohol were 1.20, 0.65, 0.27, and 0.6 mmol, respectively.   
The conversion of 4-t-butyltoluene was 9 mmol in first step when 16.45 mmol of 4-t-
butyltoluene was used and only 2 mmol of 4-t-butyltoluene obtained after the second 
addition of 16.45 mmol.  The yields of  4-t-butylbenzoic acid , 4-t-butylphenol, 4-t-
butylbenzyl bromide, and 4-t-butylbenzyl alcohol were 0.60, 0.34, 0.38, and 0.65 mmol, 
respectively.  The above results suggests that the yield of 4-t-butylbenzaldehyde 
decreased with lower concentration of of 4-t-butyltoluene. 
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Figure 5.6 : Effect of 2 mmol of cobalt(II) acetate tetrahydrate in 4 aliquots added 
together with 50 mmol of hydrogen peroxide dropwise over a period of 60 minutes on the 
oxidation of 32.9 mmol of 4-t-butyltoluene using 4.8 mmol of sodium bromide in glacial 
acetic acid at 45 °C 
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Figure 5.7 : Effect of  two additions of 2 mmol of cobalt(II) acetate tetrahydrate, 4.8 
mmol of sodium bromide and 50 mmol of hydrogen peroxide in glacial acetic acid at  
45 °C on the oxidation of 32.9 mmol of 4-t-butyltoluene 
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Figure 5.8 : Effect of two step addition of 32.9 mmol of 4-t-butyltoluene using 2  
mmol of cobalt(II) acetate tetrahydrate, sodium bromide (4.8 mmol), and 50 mmol of  
hydrogen peroxide dropwise over a period of 60 minutes in glacial acetic acid at 45 °C 
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5.2.5    Effect of sodium chloride on the oxidation of 4-t-butyltoluene: 
 
 
It has been reported that the chloride in the Co/Cl/Br/glacial acetic acid system in the  
 
presence of hydrogen peroxide reacts with the inactive 4-t-butylbenzyl bromide to form  
 
4-t-butylbenzyl chloride and restore the active form of bromide ( Partenheimer, 1995). 
 
 
Ar-CH2Br     +     NaCl                      Ar-CH2Cl    +     NaBr 
(inactive Br)                                                                   (active Br) 
                                                                             
                                                                       O2 
                                                                             
                                                             Ar-CHO    +     HCl 
 
 
 
The above results indicate that little 4-t-butylbenzyl bromide is formed but the effect of  
 
chloride was investigated to examine this or alternative effects. 
 
 
4-t-Butyltoluene  was oxidised using cobalt(II) acetate and sodium bromide in glacial  
 
acetic acid with hydrogen peroxide over a period of 60 minutes with 1.0 g of sodium  
 
chloride added initially.  Another amount of hydrogen peroxide was added to a reaction  
 
mixture after 90 minutes from the first addition of 50 mmol of hydrogen peroxide. 
 
 
Figure 5.9 shows the results.  It was found that the conversion of 4-t-butyltoluene was  
 
16.3 mmol, and 9.4 mmol of  4-t-butylbenzaldehyde was obtained with the first amount  
 
of  hydrogen peroxide.  When the second amount of hydrogen peroxide was added, the  
 
conversion of 4-t-butyltoluene increased to 23 mmol, and the yield of 4-t- 
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butylbenzaldehyde increased to 10.32 mmol.  The formation of 4-t-butylbenzoic acid and  
 
4-t-butylphenol also increased with the second amounts of hydrogen peroxide and to 4  
 
and 2 mmol, respectively, while the yields of 4-t-butylbenzyl bromide and 4-t- 
 
butylbenzyl alcohol were decreased and were 0.10 and 0.08 mmol, respectively. 
 
 
4-t-Butyltoluene was also oxidised using the same system with 1.0 g of sodium  
 
chloride added after 30 minutes from the first addition of hydrogen peroxide.  Another 50  
 
mmol of hydrogen peroxide was added to a mixture reaction after 120 minutes from the  
 
first addition of hydrogen peroxide.  Figure 5.10 shows the result.  The yield of 4-t- 
 
butylbenzaldehyde increased and to 11.32 mmol, while the conversion of 4-t- 
 
butyltoluene was16.50 mmol after the addition of the first amount of hydrogen peroxide.   
 
When the second amount of hydrogen peroxide was added, the yield of 4-t- 
 
butylbenzaldehyde decreased to 10 mmol with the conversion of 24 mmol of 4-t- 
 
butyltoluene.  The yields of 4-t-butylbenzoic acid, 4-t-butylphenol, 4-t-butylbenzyl  
 
bromide, and 4-t-butylbenzyl alcohol were 2.60, 1.20, 0.07, and 0.20 mmol, respectively. 
 
It is difficult to determine from the limited number of data points if the addition of  
 
chloride had any measurable effects but whatever it was is not significant.  
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Figure 5.9 : Effect of 1 g of sodium chloride added with substrate with 2 mmol of  
cobalt(II) acetate and 4.8 mmol of sodium bromide in glacial acetic acid with 50  
mmol of hydrogen peroxide dropwise over a period of 60 minutes on the oxidation of  
32.9 mmol of 4-t-butyltoluene at 45 °C.  Another 50 mmol of hydrogen peroxide was  
added after 90 minutes from the first addition of hydrogen peroxide. 
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Figure 5.10 : Effect of 1 g of sodium chloride added after 30 minutes from the first  
addition of 50 mmol of hydrogen peroxide over a period of 60 minutes on the oxidation  
of 32.9 mmol of 4-t-butytoluene using 2 mmol of cobalt(II) acetate and 4.8 mmol of  
sodium bromide in glacial acetic acid  at 45 °C.  Another 50 mmol of hydrogen peroxide  
was added after 120 minutes 
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5.2.6 Effect of alternative catalysts on the oxidation of  
             
             4-t-butyltoluene : 
 
 
 
5.2.6.1 Effect of cobalt(III) acetate trimer and dimer on the oxidation 
             
               of 4-t-butyltoluene : 
 
 
4-t-Butyltoluene was oxidised using crude cobalt(III) acetate- trimer, which was prepared  
 
by Klepetko, 2001 in place of cobalt(II) acetate tetrahydrate with sodium bromide in  
 
glacial acetic acid with hydrogen peroxide added over a period of 60 minutes. 
 
 
4-t-Butyltoluene was also oxidized using cobalt(III) acetate-dimer  
 
[ Co(µ−OH)2(µ−OAc)(OAc)2(py)3(solvent)][PF6], which was also prepared by Klepetko,  
 
2001 with sodium bromide in glacial acetic acid with hydrogen peroxide over a period of  
 
60 minutes.  The results are shown in Table 5.1 .  It was found that the reaction occurs  
 
with cobalt(III) acetate-trimer with the yield of 4-t-butylbenzaldehyde of 9.44 mmol and  
 
close to those obtained earlier when 2 mmol of cobalt(II) acetate was used.  It was also  
 
found that by using 2 mmol of cobalt(III) acetate-dimer with the system, the yield of 4-t- 
 
butylbenzaldehyde was only 6.68 mmol.   
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5.2.6.2 Effect of manganese(II) acetate tetrahydrate on the oxidation 
 
               of 4-t-butyltoluene : 
 
 
4-t-Butyltoluene was oxidised using manganese(II) acetate tetrahydrate with cobalt(II)  
 
acetate tetrahydrate and sodium bromide in glacial acetic acid with hydrogen peroxide  
 
added over a period of 60 minutes.   
 
4-t-Butyltoluene was also oxidized using manganese(II) acetate tetrahydrate in place of  
 
cobalt(II) acetate tetrahydrate and sodium bromide in glacial acetic acid with hydrogen  
 
peroxide added over a period of 60 minutes .  The results are shown in Table 5.1.  It was  
 
found that using manganese(II) acetate tetrahydrate as catalyst in place of cobalt(II)  
 
acetate tetrahydrate was completely unreactive and no reaction products were observed.   
 
When 2 mmol of manganese(II) acetate was used with 2 mmol of cobalt(II) acetate  
 
together again there were no products observed.  Hence manganese(II) acetate  
 
tetrahydrate stops the oxidation and no products were observed.  According to  
 
Partenheimer (1991), that the manganese is active at 100 °C, while the oxidation of 4-t- 
 
butyltoluene using cobalt(II) acetate tetrahydrate was proceeded at 45 °C.   
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5.2.6.3 Effect  2,2´,6,6´-tetramethylpiperidine N-oxyl (TEMPO) on  
 
              the oxidation of 4-t-butyltoluene :  
 
 
The stable free radical TEMPO catalyses the oxidation of alcohols by positive halogen  
 
Compounds, e.g. hypochlorite, hypobromite, and trichloroisocyanuric acid.  The use of  
 
TEMPO in combination with copper salts and oxygen as primary oxidant was reported by  
 
Semmelhack(1984). 
 
However, this system was effective only with easily oxidised benzylic and allylic  
 
alcohols.   The combination of RuCl2(PPh3)3 and TEMPO affords an efficient catalytic  
 
system for the oxidation of alcohols at 100 oC giving the corresponding aldehydes and  
 
ketones (Dijksman, 1999).  Based on the various systems described above, the  oxidation  
 
of 4-t-butyltoluene was examined by using TEMPO with cobalt(II) acetate in the  
 
presence of sodium bromide in glacial acetic acid with hydrogen peroxide added over a  
 
period of 60 minutes.  The results are shown in Table 5.1.  It was found that no products  
 
observed when TEMPO was used and TEMPO completely inhibits the conversion of 4-t- 
 
butyltoluene.  TEMPO is a free radical trap and it was found that it acts as an inhibitor  
 
and stops the reaction as does manganese(II) acetate.  
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Table 5.1 :  Effect of alternative catalysts on the oxidation of 4-t-butyltoluene. 
 
 
Experiments 4-t-Butyltoluene  
 
unconverted, mmol 
 
4-t-Butylbenzaldehyde  
 
yield, mmol 
2 mmol of cobalt(III) acetate-trimer  
 
20 9.44 
2 mmol of cobalt(III) acetate-dimer 
 
22 6.68 
2 mmol of manganese(II) acetate tetrahydrate 
 
32 0 
2 mmol of manganese(II) acetate tetrahydrate with  
2 mmol of cobalt(II) acetate tetrahydrate 
32 0 
0.2 g of  TEMPO with 2 mmol of cobalt(II) acetate 
tetrahydrate 
32 0 
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CHAPTER 6.  The effect of alternative solvents 
 
 
6.1 Effect of the water and methanol on the oxidation of  
 
         4-t-butyltoluene : 
 
Water and methanol have been used as the additives in the oxidation of methylbenzene  
 
to improve the selectivity of benzaldehyde (Jones, 1998; Gerber, 1997; Guochuan, 1999).  
 
Water is a product of the oxidation of 4-t-butyltoluene.  
 
4-t-Butyltoluene was oxidised using cobalt(II) acetate and sodium bromide in glacial  
 
acetic acid with hydrogen peroxide over a period of 60 minutes with 100 mmol of  
 
water, or with 12.5 mls of methanol (1:3 mole ratio with glacial acetic acid) added  
 
separately at the initial stage with 4-t-butyltoluene.   
 
 
Figure 6.1 shows the result of adding 100 mmol of water. The yield of 4-t- 
 
butylbenzaldehyde decreased and it was 4.8 mmol with the conversion of only 13.20  
 
mmol of 4-t-butyltoluene.  The rate profile was altered, with formation of 4-t- 
 
butylbenzaldehyde product again occuring more slowly over the full 60 minutes of  
 
hydrogen peroxide addition.  Hence it appears that the oxidation is not completely  
 
inhibited by water but that it converts the cobalt to a less active form.  There were no  
 
significant changes for the yields of other products except there was no evidence for  
 
production of 4-t-butylbenzyl alcohol. 
 
 
Figure 6.2 shows the result of adding 12.5 mls of methanol (1:3 mole ratio with glacial  
 
acetic acid).  It was found that the yield of 4-t-butylbenzaldehyde was 1.58 mmol with  
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the conversion of only 12 mmol of 4-t-butyltoluene.  The yields of 4-t-butylbenzoic acid  
 
and 4-t-butylphenol were 0.5 and 0.2 mmol, respectively.  There was no evidence for  
 
production of 4-t-butylbenzyl bromide and 4-t-butylbenzyl alcohol. 
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Figure 6.1 : Effect of 100 mmol of water added with substrate with 2 mmol of cobalt(II)  
acetate and 4.8 mmol of sodium bromide in glacial acetic acid with 50 mmol of  
hydrogen peroxide dropwise over a period of 60 minutes at 45 °C on the oxidation of  
32.9 mmol of 4-t-butyltoluene 
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Figure 6.2 : Effect of 12.5 mls of methanol added with substrate with 2 mmol of  
cobalt(II) acetate and 4.8 mmol of sodium bromide in glacial acetic acid at 45 °C 
with 50 mmol of hydrogen peroxide on the oxidation of 32.9 mmol of 4-t-butyltoluene 
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6.2    Effect of acetic anhydride on the oxidation of 4-t-butyltoluene :  
 
 
Acetic anhydride is usually used as the additive in the oxidation of methylbenzenes to  
 
improve the selectivity of benzaldehydes (Hay, 1965).   
 
 
4-t-Butyltoluene was oxidised using cobalt(II) acetate and  sodium bromide with  
 
hydrogen peroxide over a period of 60 minutes with acetic anhydride as an alternative  
 
solvent in place of glacial acetic acid.  Figure 6.3 shows the result. It was found that   
 
about 7 mmol of 4-t-butylbenzaldehyde was obtained with conversion of 23 mmol of 4-t- 
 
butyltoluene when acetic anhydride was used in place of glacial acetic acid, but that all  
 
appeared at the end of the peroxide addition. 
 
 
Figure 6.4 shows the results of acetic anhydride with acetic acid (1:1 mole ratio) on the  
 
oxidation of 4-t-butyltoluene.  It was found that only 2 mmol of 4-t-butylbenzaldehyde  
 
was obtained with conversion of 5 mmol of 4-t-butyltoluene when acetic anhydride and  
 
glacial acetic acid (1:1 mole ratio) was used. 
 
 
The effect of  small amounts of acetic anhydride ( 75, 100, or 150 mmol ) on the  
 
oxidations of 4-t-butyltoluene was also studied.  Figures 6.5, 6.6, and 6.7 show the  
 
results of  75, 100, and 150 mmol of acetic anhydride on the oxidation of 4-t- 
 
butyltoluene, respectively.  It was found that the yield of 4-t-butylbenzaldehyde were  
 
10.88, 9.94, and 10.52 mmol with conversion of 21.3, 23.7, and 25.7 mmol of 4-t- 
 
butyltoluene,  respectively.  The yields of 4-t-butylbenzoic acid, 4-t-butylphenol, 4-t- 
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butylbenzyl bromide, were 1.0, 0.4, and 1.5 mmol, respectively.  There was no evidence  
 
for production of 4-t-butylbenzyl alcohol.   
 
 
Figure 6.8 shows the result of 50 mmol of acetic anhydride added after 15 minutes after  
 
the first addition of hydrogen peroxide.  It was found that 11.8 mmol of 4-t- 
 
butylbenzaldehyde was obtained with conversion of 20.6 mmol of 4-t-butyltoluene.  
 
 
Figure 6.9 shows the result of 50 mmol of acetic anhydride added to the reaction  
 
mixture after 60 minutes with additional amounts of cobalt(II) acetate and sodium  
 
bromide and another 50 mmol of hydrogen peroxide.  It was found that the yield of 4-t- 
 
butylbenzaldehyde was the same to that obtained earlier in the absence of acetic  
 
anhydride and with adding more amounts of hydrogen peroxide with cobalt(II) acetate  
 
and sodium bromide the conversion of 4-t-butyltoluene was higher and about 23.5 mmol,  
 
while the yield of 4-t-butylbenzaldehyde was still 11.8 mmol.   
 
 
At the end of the reaction the yields of  4-t-butylbenzoic acid, 4-t-butylphenol, 4-t- 
 
butylbenzyl bromide, and 4-t-butylbenzyl alcohol were 3.18, 1.40, 0.66, and 0.12 mmol,  
 
respectively. 
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Figure 6.3 :  Effect of acetic anhydride as alternative solvent in place of glacial acetic  
acid using 2mmol of cobalt(II) acetate and 4.8 mmol of sodium bromide with 50  
mmol of hydrogen peroxide dropwise over a period of 60 minutes at 45 °C on the  
oxidation of 32.9 mmol of 4-t-butyltoluene 
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Figure 6.4 : Effect of acetic anhydride with glacial acetic acid ( 1:1 mole ratio) using  
2 mmol of cobalt(II) acetate and 4.8 mmol of sodium bromide with 50 mmol of  
hydrogen peroxide dropwise over a period of 60 minutes at 45 °C on the oxidation of  
32.9 mmol of 4-t-butyltoluene 
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Figure 6.5 : Effect of 75 mmol of acetic anhydride added with substrate with 2 mmol  
of cobalt(II) acetate and 4.8 mmol of sodium bromide in glacial acetic acid with 100  
mmol of hydrogen peroxide dropwise over a period of 60 minutes at 45 °C on the  
oxidation of 32.9 mmol of 4-t-butyltoluene
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Figure 6.6 : Effect of 100 mmol of acetic anhydride added with substrate with 2 mmol  
of cobalt(II) acetate and 4.8 mmol of sodium bromide in glacial acetic acid with 100  
mmol of hydrogen peroxide dropwise over a period of 60 minutes at 45 °C on the  
oxidation of 32.9 mmol of 4-t-butyltoluene 
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Figure 6.7 : Effect of 150 mmol of acetic anhydride added with substrate with 2 mmol  
of cobalt(II) acetate and 4.8 mmol of sodium bromide in glacial acetic acid with 100  
mmol of hydrogen peroxide dropwise over a period of 60 minutes at 45 °C on the  
oxidation of 32.9 mmol of 4-t-butyltoluene 
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Figure 6.8 : Effect of 50 mmol of acetic anhydride added after 15 minutes from the first 
addition of 50 mmol of  hydrogen peroxide on the oxidation of 32.9 mmol of  
4-t-butyltoluene using 2 mmol of cobalt(II) acetate and 4.8 mmol of sodium bromide in 
glacial acetic acid at 45 °C 
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Figure 6.9 : Effect of 50 mmol of acetic anhydride added after 60 minutes to reaction  
mixture with another 2 mmol of cobalt(II) acetate and 4.8 mmol of sodium bromide  
and 50 mmol of hydrogen peroxide in glacial acetic acid on the oxidation of 32.9 mmol  
of 4-t-butyltoluene at 45 °C 
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CHAPTER 7.    Examining a variety of the reaction factors on the  
 
                             oxidation of 4-t-butyltoluene (Table 7.1) : 
 
 
 
 
7.1    The oxidation of 4-t-butyltoluene in the absence of cobalt(II)  
 
          acetate and sodium bromide : 
 
 
4-t-Butyltoluene was oxidised in glacial acetic acid in the absence of cobalt(II) acetate  
 
and sodium bromide, and only hydrogen peroxide added over a period of 60 minutes at.   
 
It was found that there was no evidence for formation of 4-t-butylbenzaldehyde, while   
 
small amounts of other products were obtained. 
 
 
 
 
7.2    The oxidation of 4-t-butyltoluene in the absence of cobalt(II)  
 
         acetate, sodium bromide, and hydrogen peroxide : 
 
 
4-t-Butyltoluene in glacial acetic acid was treated under nitrogen with stirring only.   
 
There were no products obtained. 
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7.3    The oxidation of 4-t-butyltoluene in the absence of hydrogen  
 
         peroxide : 
 
 
4-t-Butyltoluene was oxidised using cobalt(II) acetate and sodium bromide in glacial  
 
acetic acid under nitrogen in the absence of hydrogen peroxide.  It was found that only  
 
1.34 mmol of 4-t-butylbenzaldehyde was obtained with small amounts of  4-t- 
 
butylbenzyl bromide and 4-t-butylbenzyl alcohol. 
 
 
 
 
7.4    The oxidation of 4-t-butyltoluene in the absence of nitrogen : 
 
 
4-t-Butyltoluene was oxidised using cobalt(II) acetate and sodium bromide in glacial  
 
acetic acid.  Hydrogen peroxide (50 mmol) added over a period of 60 minutes in the  
 
absence of nitrogen.  It was found that the yield of 4-t-butylbenzaldehyde was 10.66  
 
mmol .  
 
 
 
7.5    The oxidation of 4-t-butyltoluene in the absence of hydrogen  
 
         peroxide and nitrogen : 
 
4-t-Butyltoluene was oxidised using cobalt(II) acetate and 4.8 sodium bromide in glacial  
 
acetic acid in the absence of hydrogen peroxide and nitrogen .  It was found that only  
 
1.16 mmol of 4-t-butylbenzaldehyde was obtained.
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The summary results from Table 7.1 indicates that both cobalt(II) acetate tetrahydrate and  
 
sodium bromide are required for the catalytic oxidation. In the absence of cobalt(II)  
 
acetate tetrahydrate less than 1 mmol of 4-t-butylbenzaldehyde was produced, together  
 
with 2 mmol of 4-t-butylbenzyl bromide and a trace of 4-t-butylbenzyl alcohol.  In the  
 
absence of sodium bromide no products were observed with agood mass accountability.   
 
In the absence of both cobalt(II) acetate tetrahydrate and sodium bromide, less than 1  
 
mmol each of the 4-t-butylbenzoic acid, 4-t-butylbenzyl bromide, and 4-t-butylbenzyl  
 
alcohol were found, with 26.54 mmol of 4-t-butyltoluene recovered unchanged.    
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Table 7.1 :  Examining a variety of the reaction factors in the oxidation of 32.9 mmol of 4-t-butyltoluene. 
 
 
Co(II) 
 
2 mmol 
NaBr 
 
4.8 mmol 
H2O2 
 
50 mmol 
    
N2 
4-t- 
Butyltoluene 
unconverted, 
 
mmol 
4-t- 
Butylben- 
zaldehyde 
yield, 
mmol 
4-t- 
Butylben-
zoic acid 
yield, 
mmol 
4-t- 
Butylphe- 
nol 
yield, 
mmol 
4-t- 
Butylben- 
zyl bromide 
yield, 
mmol 
4-t- 
Butylben- 
zyl alcohol 
 yield, 
mmol 
 
Mass 
account-
ability, 
 
      √         √ 
         
       √ 
        
   √ 
     
16.42 9.06 1.68 0.70 0.76 0.90 29.52 
         √        √    √ 23.86 0.74 0 0 2.00 0.14 26.74 
      √                         √    √ 30.84 0 0 0 0 0 30.80 
         √    √ 26.54 0 0.38 0 0.72 0.20 27.84 
      √ 29.30 0 0 0 0 0 29.30 
      √         √     √ 29.48 1.34 0 0 0.60 0.20 31.62 
      √         √        √  16.46 10.66 2.40 0.80 0.64 0.20 30.70 
      √         √          28.62 1.16 0 0 0.38 0 30.16 
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 CHAPTER 8.    The effect of all expected products on the  
 
                             oxidation of 4-t-butyltoluene : 
 
 
 
8.1    Effect of 4-t-butylphenol on the oxidation of 4-t-butyltoluene : 
 
 
4-t-Butyltoluene was oxidised using cobalt(II) acetate and sodium bromide in glacial  
 
acetic acid with hydrogen peroxide added over a period of 60 minutes with 1 mmol or   
 
5 mmol of 4-t-butylphenol added at initial stage with 4-t-butyltoluene.  Table 8.1 shows  
 
the results.  It was found that adding 5 mmol of 4-t-butylphenol to the substrate inhibits  
 
the formation of 4-t-butylbenzaldehyde to only 2 mmol, while 7.5 mmol of 4-t- 
 
butylbenzaldehyde was obtained when 1 mmol of 4-t-butylphenol was added with 4-t- 
 
butyltoluene at initial stage.  Hence the trace amounts of 4-t-butylphenol produced in the  
 
reaction are insufficient to cause the inhibition.  
 
 
 
8.2    Effect of 4-t-butylbenzoic acid on the oxidation of 4-t-butyltoluene: 
 
 
4-t-Butyltoluene was oxidised using cobalt(II) acetate and sodium bromide in glacial  
 
acetic acid with hydrogen peroxide added over a period of 60 minutes with 10 mmol  
 
of 4-t-butylbenzoic acid added at initial stage with 4-t-butyltoluene. Table 8.1 shows that  
 
there was no evidence for any change in the products obtained. 
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8.3    The oxidation of 4-t-butylbenzyl alcohol : 
 
 
4-t-Butylbenzyl alcohol (20 mmol) was oxidised using cobalt(II) acetate and sodium  
 
bromide in glacial acetic acid with hydrogen peroxide added over a period of 60 minutes.  
 
Table 8.1 show the results.  It was found that 13.6 mmol of 4-t-butylbenzaldehyde was  
 
obtained at the end of reaction, and only 1 mmol of unreact 4-t-butylbenzyl alcohol was  
 
recovered. 
 
 
 
8.4    Effect of 4-t-butylbenzyl alcohol on the oxidation of 4-t- 
 
         butyltoluene :  
 
 
4-t-Butyltoluene (32.9 mmol) was oxidised using cobalt(II) acetate and sodium bromide 
in glacial acetic acid with hydrogen peroxide added over a period of 60 minutes with 10 
mmol of 4-t-butylbenzyl alcohol added at initial stage with 4-t-butyltoluene.  Table 8.1 
shows the results.  It was found that the amounts of 4-t-butylbenzaldehyde, 4-t-
butylbenzoic acid, and 4-t-butylphenol are increased to 14.5, 3.21, and 0.66 mmol, 
respectively, while the amounts of 4-t-butylbenzyl bromide and 4-t-butylbenzyl alcohol 
decreased to 0.66, and 0.60 mmol, respectively.  The unconverted 4-t-butyltoluene 
increased to 18 mmol.  These observations suggest that the rapid formation of the 4-t-
butylbenzalde from the 4-t-butylbenzyl alcohol then inhibits further oxidation of 4-t-
butyltoluene.   
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8.5    The oxidation of 4-t-butylbenzyl bromide : 
 
 
4-t-Butylbenzyl bromide was added to the system of cobalt(II) acetate and sodium  
 
bromide in glacial acetic acid, with hydrogen peroxide added over a period of 60 minutes.   
 
There was no evidence for the production of 4-t-butylbenzaldehyde (Table 8.1). 
 
 
8.6    Effect of 4-t-butylbenzyl bromide on the oxidation of 4-t- 
 
         butyltoluene : 
 
 
4-t-Butyltoluene was oxidised using cobalt(II) acetate and 4.8 sodium bromide in glacial  
 
acetic acid with hydrogen peroxide added over a period of 60 minutes with 10 mmol of 4- 
 
t-butylbenzyl bromide added at initial stage with 4-t-butyltoluene.  Table 8.1 shows the  
 
results.  It was found that the yield of 4-t-butylbenzaldehyde and 4-t-butylbenzoic acid  
 
was 10 and 2 mmol respectively, while the other product amounts were the same.  These  
 
observations suggest that 4-t-butylbenzyl bromide had no effect on the formation of 4-t- 
 
butylbenzaldehyde. 
 
 
 
8.7    The oxidation of 4-t-butylbenzaldehyde : 
 
 
4-t-Butylbenzaldehyde (10 mmol) was oxidised using cobalt(II) acetate and sodium  
 
bromide in glacial acetic acid with hydrogen peroxide dropwise over a period of 60  
 
minutes.  Table 8.1 shows the results.  It was found that there was no reaction and all 4-t- 
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butylbenzaldehyde were recovered at the end of reaction with no indication for other  
 
products, confirming the evidence shown in Fig. 3.4 that the 4-t-butybenzaldehyde is not  
 
oxidised further under these conditions. 
 
 
 
8.8    Effect of 4-t-butylbenzaldehyde on the oxidation of 4-t- 
 
         butyltoluene : 
 
 
4-t-Butyltoluene was oxidised using cobalt(II) acetate and sodium bromide in glacial  
 
acetic acid with hydrogen peroxide added over a period of 60 minutes with different  
 
amounts of 4-t-butylbenzaldehyde ( 5, 10, or 20 mmol ) added at initial stage with 4-t- 
 
butyltoluene.  Table 8.1 shows the results.  When 5 mmol of the 4-t-butylbenzaldehyde  
 
product was added to the system only 7 mmol of toluene oxidation occurred; when 10  
 
mmol of 4-t-butylbenzaldehyde was added only 4 mmol of toluene oxidation was  
 
observed, and when 20 mmol of 4-t-butylbenzaldehyde was added the oxidation of 4-t- 
 
butyltoluene to 4-t-butylbenzaldehyde ceased, although there was considerable  
 
unaccounted loss of the 4-t-butyltoluene.  
 
 
 
8.9    Effect of the mixture of all expect products on the oxidation of  
 
         4-t-butyltoluene : 
 
 
4-t-Butyltoluene (16.5 mmol) was oxidised using all reagents with a mixture of  
 
most of expected products in the absence of hydrogen peroxide, and also in the  
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absence of cobalt(II) acetate and sodium bromide. Table 8.2 shows the results. It was  
 
found that in the absence of hydrogen peroxide no reaction was occurring with good  
 
recovery and mass balance. The oxidation of the same amounts was also done in the  
 
absence of cobalt(II) acetate and sodium bromide.  It was found that the yield of 4-t- 
 
butylbenzaldehyde decreased to 6.5 mmol, while the yield of 4-t-butylbenzyl alcohol was  
 
1.7 mmol.  There were no significant changes for the yield of 4-t-butylbenzoic acid and  
 
4-t-butylbenzyl bromide when compared with the amounts added at initial stages. 
 
4-t-Butyltoluene was also oxidised using all reagents.  It was found that 10 mmol of 4-t- 
 
butylbenzaldehyde largely inhibits reaction but increases overoxidation to acid with same  
 
mass loss to unidentified products. 
 
 
4-t-Butyltoluene was also oxidised using all reagents (cobalt(II) acetate and sodium 
bromide in glacial acetic acid with hydrogen peroxide added over a period of 60 minutes) 
with a mixture of 14 mmol of 4-t-butylbenzaldehyde, 4 mmol of 4-t-butylbenzoic acid, 1 
mmol of 4-t-butylbenzyl bromide, and 1 mmole of 4-t-butylbenzyl alcohol.  The mixture 
was added at initial stage with 19 mmol of 4-t-butyltoluene.  Table 8.2 shows the results.  
It was found that 6 mmol of 4-t-butyltoluene was converted to 4-t-butylbenzyl bromide 
and 4-t-butylbenzyl alcohol.  The yield of 4-t-butylbenzaldehyde was 14 mmol, the same 
amount which added at initial stage and  complet inhibition by 4-t-butylbenzaldehyde. 
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Table 8.1 :  The effect of all expected products on the oxidation of 4-t-butyltoluene using 2 mmol of cobalt(II) acetate 
                    
                   tetrahydrate and 4.8 mmol of sodium bromide in glacial acetic acid with 50 mmol of hydrogen peroxide 
 
 
 
 
Initial substrate 4-t- 
Butyltoluene 
unconverted, 
 
mmol 
4-t- 
Butylbenz- 
aldehyde 
yield, 
mmol 
4-t- 
Butylbenzoic  
acid  
yield, 
mmol 
4-t- 
Butylphenol 
 
yield, 
mmol 
4-t- 
Butylbenzyl 
bromide 
yield, 
mmol 
4-t- 
Butylbenzyl 
alcohol, 
yield, 
mmol 
 
32.9 mmol of 4-t-butyltoluene +1 mmol 
of 4-t-butylphenol 
20 7.50 1.45 0.70 0.50 0.20 
32.9 mmol of 4-t-butyltoluene +5 mmol 
of 4-t-butylphenol 
16 2 1.30 0.70 0.50 0.20 
32.9 mmol of 4-butyltoluene +10 mmol 
of 4-t-butylbenzoic acid  
14 10 10 0.40 0.56 0.24 
20 mmol of  
4-t-butylbenzyl alcohol 
0 13.60 0 0 0 1.40 
32.9 mmol of 4-t-butyltoluene +10 mmol 
of 4-t-butylbenzyl alcohol 
18 14.50 3.20 1 0.66 0.60 
16.5 mmol of4-t-butylbenzyl bromide 0 0.84 0.90 0.40 12.50 0 
32.9 mmol of 4-t-butyltoluene +10 mmol 
of 4-t-butylbenzyl bromide 
17 10 2 0.75 8 1 
10 mmol of 4-t-butylbenzaldehyde 0 9.40 0 0 0 0 
32.9 mmol of 4-t-butyltoluene +5 mmol 
of 4-t-butylbenzaldehyde 
16 12 1.20 0.60 0.70 1.20 
32.9 mmol of 4-t-butyltoluene +10 mmol 
of 4-t-butylbenzaldehyde 
17 13.60 1.26 0.60 0.64 1.80 
32.9 mmol of 4-t-butyltoluene +20 mmol 
of 4-t-butylbenzaldehyde 
15 18.50 1 0.50 0.50 3 
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Table 8.2 : Effect of the mixture of all expect products on the oxidation of 4-t-butyltoluene 
 
 
Initial substrate All  
reagents 
4-t- 
butyltoluene 
unconverted, 
 
mmol 
4-t- 
butylben- 
zaldehyde 
yield, 
mmol 
4-t- 
butylben- 
zoic acid 
yield, 
mmol 
4-t- 
butylph- 
nol yield, 
mmol 
4-t- 
butylben- 
zyl bromide 
yield, 
mmol 
4-t- 
butylben- 
zyl alcohol 
yield, 
mmol 
Mass 
accountabiliy 
mmol 
 
16.5 mmol of 4-t-butyltoluene 
+ 10 mmol of 4-t-aldehyde 
+ 5 mmol of 4-t-acid 
+ 5 mmol of 4-t-bromide 
In the 
absence 
of H2O2 
14.80 9.76 5.20 0 5.38 0.56 35.70/36.5 
               = In the 
absence 
of Co(II) 
and Br 
14.50 6.50 4.94 0 4.43 1.70 32.07/36.5 
               =    √ 6.68 11.20 8.52 0.50 4.96 0.30 32.16/36.5 
19 mmol of 4-t-butyltoluene 
+ 14 mmol of 4-t-aldehyde 
+ 4 mmol of 4-t-acid 
+ 1 mmol of 4-t-bromide 
+ 1 mmol of 4-t-alcohol 
 
   √ 
13 14 0.65 0.20 3 3.70 34.55/39.0 
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CHAPTER 9.    Discussion and conclusions 
 
 
 
9.1    Introduction : 
 
 
In this chapter, the study of the selectivity in the hydrogen peroxide oxidation of 4-t-
butyltoluene to 4-t-butylbenzaldehyde will be discussed and compared with previous 
researches.  The system that uses cobalt(II) acetate tetrahydrate with sodium bromide in 
glacial acetic acid at low temperature consistent with the results obtained will be 
proposed and suggestions for future work will be made. 
 
 
9.2   The oxidation of 4-t-butyltoluene 
 
In agreement with previous works (Jones, 1996; Gerber, 1997) the oxidation of 4-t-
butyltoluene yielded 4-t-butylbenzaldehyde using cobalt(II) acetate with sodium bromide 
in acetic acid.  The oxidation was examined by using sodium perborate monohydrate and 
tetrahydrate or hydrogen peroxide (Jones, 1996) or air (Gerber, 1997) as oxidant. They 
did not elaborate further on the oxidation using hydrogen peroxide, which avoids the 
environmental problems that are involved with the sodium perborate monohydrate 
oxidant.  In the present work it was found that the oxidation of 4-t-butyltoluene using 
hydrogen peroxide yielded five measurable products: 4-t-butylbenzaldehyde, 4-t-
butylbenzoic acid, 4-t-butylphenol, 4-t-butylbenzyl bromide, and 4-t-butylbenzyl alcohol.  
The major product was 4-t-butylbenzaldehyde.  Differences from the previous works 
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(Jones, 1996; Gerber, 1997) are that in the present work it was not found that 4-t-
butylbenzyl bromide is an important intermediate.  
 
 
9.2.1 The effect of oxidant 
 
 Jones and co-workers (1996) investigated the use of sodium perborate mono or 
tetrahydrate as well as hydrogen peroxide towards aldehyde production.  The best 
primary oxidant in their study was found to be sodium perborate monohydrate which 
afforded a conversion of 32% with an aldehyde selectivity of 75%, while an aldehyde 
selectivity of 40% with the same conversion (32%) was achieved using hydrogen 
peroxide as oxidant.  In the present work  selectivity towards 4-t-butylbenzaldehyde may 
in some cases be obtained greater than 80% at substrate conversion of  35% using 
hydrogen peroxide as oxidant, while using sodium perborate monohydrate the selectivity 
to 4-t-butylbenzaldehyde decreased to 54% at the same conversion.  Figure 3.2 shows the 
results when 50 mmol of hydrogen peroxide was used.  The reaction was fast and it was 
found that 8 mmol of 4-t-butylbenzaldehyde was obtained with the conversion of only 10 
mmol of 4-t-butyltoluene. Increasing the amount of hydrogen peroxide to 75, 100 or 200 
mmol did not improve the yield of 4-t-butylbenzaldehyde and at the higher 
concentrations there was considerable loss of material to unidentified products, with poor 
mass balances. The better primary oxidant in the conditions used in present system was 
found to be hydrogen peroxide, which affords a 4-t-butylbenzaldehyde selectivity of 
80%. The mass balance is reasonably good, with over 90% of the starting material 
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accounted for. There may be some significance that the unaccounted material disappears 
when the reaction becomes inhibited, but no unidentified peaks in the HPLC traces were 
observed at this point. 
The most striking feature of these results is the rapid but incomplete formation of the 4-t-
butylbenzaldehyde product. The stoichiometry of the reaction requires two moles of 
hydrogen peroxide to produce one mole of 4-t-butylbenzaldehyde from the 4-t-
butyltoluene substrate. Under the conditions of this experiment the 50 mmol of peroxide 
should produce 25 mmol of 4-t-butylbenzaldehyde, leaving 8 mmol of unoxidised 4-t-
butyltoluene. But only 9 mmol of 4-t-butylbenzaldehyde are formed, and this almost all 
appears in the first 30 min when only 25 mmol of peroxide had been added. Indeed, in 
the first 15 min the yield of 4-t-butylbenzaldehyde was virtually quantitative, with 12 
mmol of peroxide producing almost 6 mmol of 4-t-butylbenzaldehyde. 
 
 
 
 
 
9.2.2 The effect of temperature 
 
It has previously reported (Gerber, 1997) that, in order to achieve high aldehyde 
selectivity during the Co−Br catalysed air oxidation of alkylbenzenes, oxidations will 
have to be carried out at relatively low reaction temperatures to avoid over-oxidation of 
the benzoic acid.  The previous report (Gerber, 1997) suggested the existence of some 
relationship between optimum reaction temperature and the nature of substituents on the 
aromatic ring and also the nature of the catalyst combination.  The similarity of the 
conversion and selectivity at 45 and 60 °C in the present work is consistent with results 
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of Vaze, et al.(1998). They described the effect of temperature on the electrochemical 
oxidation of 4-t-butyltoluene to 4-t-butylbenzaldehyde.  They found the current 
efficiency for 4-t-butylbenzaldehyde decreased with increase in temperature and they 
found that 4-t-butylbenzaldehyde is prone to oxidation and may be converted to 4-t-
butylbenzoic acid at higher temperature.  The present work is also consistent with the 
suggestion of Auty, et al.(1997), that the reaction can be carried out at low temperature.  
Solvay Interox (1993) suggested the possibility of using hydrogen peroxide in place of air 
as oxidant. This allows even lower temperature (45 ºC) to be employed and a mixture of 
aldehyde and acid is obtained, while using oxygen as oxidant, the reaction must run at 
higher temperatures (Gerber, 1997). 
 
 
 
9.2.3 The effect of the addition time 
 
Amati, et al. (1998), suggested that in the catalytic processes of oxidation by hydrogen 
peroxide, that with excess hydrogen peroxide in the solution mixture, the bromine atom 
abstracts hydrogen atoms from hydrogen peroxide leading to its decomposition according 
to : 
 
Bri  +  H2O2                 HBr   +   HOOi                 O2   +   Bri   +   H2  
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With deactivated alkyl aromatics it is more convenient to carry out the reaction by  
adding the aqueous solution of hydrogen peroxide to the reaction mixture, to avoid the 
presence of excess hydrogen peroxide, thus minimizing in this way the above reaction.  
The results obtained from the present study are consistent with previous results (Amati, 
1998) and it was found that if the 50 mmol of peroxide were added all at once at the start 
of the reaction the yield of 4-t-butylbenzaldehyde was only about 3 mmol. But if it were 
added gradually over 15, 30, 60 or 120 min, just 7-9 mmol of 4-t-butylbenzaldehyde was 
produced, most in the early stages as described above. It appears that after the initial 
almost quantitative reaction, the process is inhibited and the remaining peroxide 
ineffective for the oxidation of the 4-t-butyltoluene. Neither, however, does it oxidise the 
4-t-butylbenzaldehyde further to the 4-t-butylbenzoic acid. 
It was also found that a higher yield of 4-t-butylbenzaldehyde was obtained when 50 
mmol of hydrogen peroxide was added in 120 minutes (Figure 3.5) with higher 
conversion of 4-t-butyltoluene of 21.5 mmol (65% conversion).  This addition time was 
not used in the present work because  less selectivity to 4-t-butylbenzaldehyde with more 
over-oxidation to 4-t-butylbenzoic acid.  The yield and the selectivity towards 4-t-
butylbenzaldehyde with a good mass accountability were greatest when 50 mmol of 
hydrogen peroxide was added during 60 minutes (Figure 3.4). 
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9.2.4  The effect of catalysts ( sodium bromide and cobalt(II) acetate 
  tetrahydrate) 
 
An investigation of how the sodium bromide and cobalt(II) acetate tetrahydrate 
concentrations affected the conversion and product distribution was performed.  Results 
in Figure 5.1 shows the determining factor for sodium bromide concentration was the 
relatively high conversion factor in the range of 2−6 mmol of sodium bromide where 
maximum yield of 4-t-butylbenzaldehyde was found, decreasing when 8 mmol of sodium 
bromide was added.  Hence the turnover number of the sodium bromide as co−catalyst is 
no more than 5. The best quantity of cobalt (II) acetate tetrahydrate was found to be 2 
mmol ( 1:2.5 mole ratio with sodium bromide) in the present work for selectivity to 4-t-
butylbenzaldehyde (Figure 3.5).  In the absence of cobalt(II) acetate less than one mmol 
of 4-t-butylbenzaldehyde was produced, together with 2 mmol of 4-t-butylbenzyl 
bromide and a trace of the 4-t-butylbenzyl alcohol. With 1 mmol of cobalt(II) acetate the 
yield of the 4-t-butylbenzaldehyde was about 4 mmol, increasing to 10 mmol with 2 
mmol cobalt(II) and decreasing to 8 mmol with 3 mmol of cobalt(II). Here again the 
turnover number with respect to cobalt(II) is no greater than 5. 
 
In agreement with Sheldon (1981), it was found that bromide ions have a pronounced 
synergistic effect on the cobalt−catalyst by contributing to an enhanced rate of reaction.  
In most cases the oxidation mechanism is believed to involve H−atom abstraction.  In      
[ Co(OAc)Br], homolysis of a Co−Br bond occurs leading to formation of Bri  radicals 
which act as the H−atom abstracters.  In this work the addition of bromide ions to the 
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system improves significantly the conversion to 4-t-butylbenzaldehyde.  This is shown by 
the results of the experiment in which sodium bromide was omitted from the system 
(Table 7.1). 
 
9.3    The effect of alternative catalysts 
 
When manganese(II) acetate tetrahydrate was added alone or together with cobalt(II) 
acetate tetrahydrate/sodium bromide to the reaction mixture there was complete 
inhibition in both the conversion of 4-t-butyltoluene and the selectivity towards 4-t-
butylbenzaldehyde as compared with the simple cobalt(II) acetate tetrahydrate/sodium 
bromide system.  The unexpected conversion and the selectivity results from the use of 
manganese(II) acetate tetrahydrate in the present work may be a result of manganese(II) 
acetate complexing with bromide ions, therefore, decreasing the amount of bromide ions 
available for the active catalyst species to activate hydrogen peroxide Partenheimer 
(1991). According to Partenheimer , manganese is active at 100 ºC, while the system 
proceeded in the present work was at 45 ºC.  
 
Another two alternative oxidants were also examined.  It was found that crude cobalt(III) 
acetate or the dimer [Co2(µ−OH)2(µ−OAc)(OAc)2(py)3(solvent)][PF6], which were both 
prepared by Kleptko (2001), still act as a good catalysts and the oxidation was equally as 
effective as the equivalent amount of cobalt(II) acetate (Table 5.1).  
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The effect of sodium chloride on the oxidation of 4-t-butyltoluene was also examined. 
When 1 gm of sodium chloride was added after 30 minutes from the first addition of 
hydrogen peroxide, the system was still active and the yield of 4-t-butylbenzaldehyde 
was 11.3 mmol (68.6% selectivity) with the conversion of 16.5 mmol (50%) of 4-t-
butyltoluene.  Partenheimer (1993) suggested that when chloride is added to a cobalt/ 
bromide catalysed reaction, the following reaction would occur: 
 
                                                                                        H2O2 
ArCH2Br  +  NaCl                  ArCH2Cl  +  NaBr                               ArCHO  +  HCl 
Inactive Br                                                 active Br 
  
 
Inactive bromide would be converted to an active form.  However, in the present work 
with hydrogen peroxide there is no evidence for the 4-t-butylbenzyl bromide 
intermediate, and so the chloride has a minimal effect. 
 
 
9.4  The effect of TEMPO 
 
An additional experiment was performed in which the cobalt(II) acetate tetrahydrate/ 
sodium bromide catalyst system was used in oxidation of 4-t-butyltoluene towards 4-t-
butylbenzaldehyde in the presence of a radical inhibitor, 2,2’ ,6,6’ −tetramethylpiperidine 
N−oxyl( TEMPO).  No oxidation was observed, implying that the active species might 
involve radicals, which could be trapped by the TEMPO.  Thus, the cobalt−catalysed 
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oxidation of 4-t-butyltoluene is believed to follow a radical mechanistic pathway as 
shown in  Schemes 10 and 11.  
 
 
9.5 The effect of alternative solvent 
 
In previous researches (Jones, 1998; Gerber, 1997; Guochuan, 1999) water or methanol 
have been used as the additive in the oxidation of methylbenzene to improve the 
selectivity of benzaldehyde.  There was no clear evidence for more aldehyde formation 
by using water or methanol with the system which was used in present study.  This 
evidence may be consistent with Gerber, et al.(1997), who believe that a higher water 
content may have some negative effects, and if too much water is added to the system, 
hydration of the active cobalt complexes would occur and the rate of reaction decreased 
(Li, 1999).  In a previous study Partenheimer(1995) maintained that water is a strong 
deactivator in the oxidation of alkylaromatic compounds.   
 
Water appears to be an inhibitor of the oxidation reaction.  A solution of cobalt(II) acetate 
tetrahydrate is pink, indicative of octahedral cobalt(II).  Addition of bromide ion causes 
the solution to turn blue, indicative of tetrahedral cobalt(II).  As the reaction approches 
the inhibition point it turns pink again. This is not due to loss of bromide ion, for the 
effect is independent of the bromide concentration over the range 2-6 mmol. 
 
Water is a product of the reaction, according to the stoichiometry 
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ArCH3 + 2 H2O2  →  ArCHO + 3 H2O 
 
Hence the formation of the maximum amount of about 10 mmol of 4-t-
butylbenzaldehyde produces 30 mmol of water. But in addition as 20 mmol of H2O2 is 
being added, another 88 mmol of water is introduced with the 30% H2O2 reagent. (The 2 
mmol of cobalt(II) acetate also contributes 8 mmol of water as the tetrahydrate.) Thus 
about 100 mmol of water appears to be sufficient to convert an active tetrahedral 
cobalt(II) catalyst into an inactive octahedral form. 
 
Deliberate addition of 100 mmol of water to the reaction system reduced the yield of 4-t-
butylbenzaldehyde to 5 mmol but did not inhibit the reaction completely. This was 
despite the observation that the addition of this water converted the blue cobalt(II) 
species to a pink one. The rate profile was altered, with formation of the aldehyde 
product again occurring more slowly over the full 60 min of peroxide addition (Figure 
6.1). Hence it appears that the oxidation is not completely inhibited by water but that it 
converts the cobalt to a less active form. 
 
Jones et al.(1996) made an indirect test of this hypothesis by comparing the reactivity of 
sodium perborate monohydrate and sodium perborate tetrahydrate on the conversion and 
aldehyde yield of this oxidation. The monohydrate gave higher conversion (38.6 to 
26.5%) and higher selectivity to the 4-t−butylbenzaldehyde ( 75.5 to 66.7%), consistent 
with its lower water content. They also reported that the perborates gave considerably 
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high selectivity to the 4-t-butylbenzaldehyde than they found with 35% hydrogen 
peroxide (75.5 and 66.7 vs 40.5%). We did not observe this. Under similar conditions the 
sodium perborate monohydrate yielded on 6.4 mmol of 4-t-butylbenzaldehyde with a 
selectivity of 54% compared with hydrogen peroxide oxidation which yielded 9.4 mmol 
of 4-t-butylbenzaldehyde with a selectivity of 80%. 
The above observations indicate that the presence of water is not sufficient to completely 
inhibit the reaction, so the search was continued for other inhibitors. 
 
According to Partenheimer study(1995), water which present at the end of the reaction 
can be overcome by addition of acetic anhydride, which was also reported by Hay (1964).  
It was found in present study (Figure 6.9) that 11.8 mmol of 4-t-butylbenzaldehyde was 
obtained with the conversion of 20.6 mmol of 4-t-butyltoluene when 50 mmol of acetic 
anhydride was added after 50 minutes from the first addition of hydrogen peroxide.  The 
addition of acetic anhydride to water was unsuccessful, as the reaction between water and 
acetic anhydride is much slower than the oxidation reaction (Khang, 1989).  The presence 
of acetic anhydride, however, did affect the reaction profile, slowing the initial rate of 4-
t-butylbenzaldehyde product formation, but not affecting the final yield. 
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9.6  Multivariate investigations 
  
The variation of reaction factors on the oxidation of 4-t-butyltoluene is summarised in 
table 7.1.  It was found that no reaction products were observed when cobalt(II) acetate or 
sodium bromide, individually or together were omitted from the reaction.  It was also 
found that only 1.3 mmol of 4-t-butylbenzaldehyde was obtained in the absence of 
hydrogen peroxide consistent with the work done by Auty (1997), who used hydrogen 
peroxide in the oxidation of toluene using cerium(III) acetate with bromide.  Auty (1997) 
related the reason for the slow oxidation of hydrocarbon with the reaction carried out 
under a nitrogen atmosphere.   
 
In the present work the yield of 4-t-butylbenzaldehyde increased in the presence of 
oxygen but with more 4-t-butylbenzoic acid which affects the selectivity to 4-t-
butylbenzaldehyde, therefore the system cobalt(II) acetate tetrahydrate/ sodium bromide 
in glacial acetic acid using hydrogen peroxide as oxidant was used for selectivity towards 
4-t-butylbenzaldehyde.   
 
 
9.7 The effect of all expected products on the oxidation of 4-t-
butyltoluene 
 
Although there was not found in the literature any study related to the effect of products 
on the oxidation of 4-t-butyltoluene, in the present study the effect of products, 
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individually or all products together, was examined with the results summarised in Tables 
8.1 and 8.2. 
 
It was found that adding 1 mmol of 4-t-butylphenol has no effect on the formation of 4- 
 
t-butylbenzaldehyde.  4-t-butylphenol is observed as a minor product and could act as a  
 
free radical trap inhibitor of the oxidation process.  But addition of  5 mmol of 4-t- 
 
butylphenol did not completely inhibit the reaction, which still produced 2 mmol of the 4-
t-butylbenzaldehyde product, while adding 1 mmol of 4-t-butylphenol with the hydrogen 
peroxide yielded 7.5 mmol of 4-t-butylbenzaldehyde.  Hence the trace amounts of 4-t-
butylphenol produced in the reaction are insufficient to cause the inhibition.  The reaction 
was completely inhibited, however, in the presence of 1.3 mmol of TEMPO, a more 
efficient free radical trap.  
 
 
When 4-t-butylbenzoic acid was added, there was no effect on the formation of 4-t- 
 
butylbenzaldehyde. 
 
 
 
Under the conditions employed it was likely that the 4-t-butylbenzyl alcohol was rapidly  
 
oxidised to the 4-t-butylbenzaldehyde.  Indeed when 4-t-butylbenzyl alcohol was  
 
used as the initial substrate, under the conditions employed, conversion was fast.  It  
 
should also be noted that such alcohol oxidations are common in the chemical literature  
 
(Jones, 1996; Gerber, 1997) 
 
 
 
When 4-t-butylbenzyl bromide was treated under the standard conditions, it was found  
 
that there was no oxidation, consistent with the results of (Auty, 1997).  
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It was also found that the products, 4-t-butylbenzoic acid, 4-t-butylbenzyl alcohol, and  
 
4-t-butylbenzyl bromide are not inhibitors and will not cause the stop of the oxidation. 
 
 
When 4-t-butyltbenzaldehyde was treated under the standard conditions, it was found that  
 
there was no oxidation observed. Adding 5 mmol of 4-t-butylbenzaldehyde with the  
 
toluene substrate, there was an oxidation of substrate.  Adding 10 mmol of 4-t- 
 
butylbenzyaldehyde with substrate, less oxidation was observed. The oxidation of 4-t- 
 
butyltoluene stopped by adding more than 10 mmol of 4-t-butylbenzaldehyde with  
 
substrate at initial stage. 
 
 
These observations suggest that the 4-t-butylbenzaldehyde product is also an inhibitor of 
the oxidation of the toluene. They are consistent with additional observations of the 
oxidation of 4-t-butylalcohol. When 20 mmol of the 4-t-butylbenzyl alcohol was 
oxidised, 14 mmol of 4-t-butylbenzaldehyde was produced, only 1 mmol of unreacted 4-
t-butylbenzyl alcohol was recovered and 5 mmol of material was lost. When 10 mmol of 
the 4-t-butylbenzyl alcohol was added to the 4-t-butyltoluene oxidation, only 14 mmol of 
4-t-butybenzaldehyde was found, again suggesting that the rapid formation of the 4-t-
benzaldehyde from the 4-t-butylbenzyl alcohol then inhibits further oxidation of the 4-t-
butyltoluene. 
 
The presence of an inhibitor in addition to water was tested in the following way. A 
reaction was run under the usual conditions. After one hour about 9 mmol of 4-t-
butylbenzaldehyde had been formed and the reaction solution had turned pink. At this 
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stage additional aliquots of 2 mmol of cobalt(II) acetate tetrahydrate and 4.8 mmol of 
sodium bromide were added, causing the solution to turn blue again. Further addition of 
50 mmol of hydrogen peroxide over the next hour, however, yielded no additional 4-t-
butylbenzaldehyde product. 
 
Whatever the identity of the inhibitors, they appear to act by the decomposition of the 
hydrogen peroxide. No excess peroxide was detected in the reaction solutions when 
tested by flow injection analysis for the oxidation of iodide by peroxide. 
 
 
How to increase the yield of 4-t-butylbenzaldehyde is hence a problem.  Due to the  
 
last finding in present study, may be both water and the 4-t-butylbenzaldehyde product  
 
itself inhibit further oxidation of 4-t-butyltoluene.  An engineering solution to remove the  
 
product continuously seems required for process optimisation. 
 
 
 
Jones et al.(1996) appear to be the only other workers to have examined this system in 
detail. Our results differs from theirs in two important respects. 
 
First, in the present study 4-t-butylbromide is not an important intermediate. Their 
assignment of this role to the bromide is speculative and not based on any substantial 
evidence. There is an essential role for the bromide ion: the catalysis does not occur 
without it. It does not involve the 4-t-butylbromide, however, for adding it to the system 
does not enhance product formation. 
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Second, aqueous hydrogen peroxide is not inferior to sodium perborate as oxidant.  There 
is  no explanation for this difference between the present results and the earlier report.  
The present results concur with their observations that the system loses its potency as the 
colour changes from blue to pink, and that further addition of cobalt and bromide, 
however, is ineffectual. 
 
In a closely related study Gerber et al.(1997) studies the dioxygen oxidation of 4-t-
butyltoluene catalysed by the similar cobalt(II) acetate-bromide system in acetic acid. 
There are a number of important differences between these two systems, however. The 
dioxygen oxidation requires higher temperatures, with their experiments conducted 
between 55 and 105 oC, with an optimum temperature of about 90 oC.  Second, they 
observe further oxidation to the 4-t-butylbenzoic acid, a common feature of such 
autoxidation reactions. Third, the reaction is enhanced, not inhibited, by the presence of 
manganese acetate. Finally, they claim to observe Co(III) in the catalytic system.; there is 
no evidence of the characteristic green cobalt(III) colour in the present work. They do 
observe, however, that addition of water, which diminishes the concentration of 
tetrahedral cobalt(II), diminishes its catalytic activity. Hence there are significant 
differences between the hydrogen peroxide and the dioxygen oxidation mechanisms, 
although they may share some common features. 
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9.8   Conclusions  
 
 
1. The oxidation proceeds by a free radical mechanism, completely inhibited by  
 
      TEMPO and by manganese(II) acetate. 
 
2. Over−oxidation to 4-t-butylbenzoic acid is minimal. 
3. Both cobalt(II) or cobalt(III) and bromide are required, but 4-t-butylbenzyl bromide is 
not an intermediate. 
4. The rate of the oxidation is slowed but not quenched by the accumulation of excess 
water. 
5. The oxidation is inhibited by accumulation of the 4-t-butylbenzaldehyde product. 
6. Increased yields might be obtained if the 4-t-butylbenzaldehyde product were 
removed as it were being produced, and if less water were added with the peroxide 
oxidant. 
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